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ABSTRACT 
The term fritical ~eat flux (CHF) is used in boiling heat trans-
fer to describe the local value of the heat flux at which a character-
istic reduction in heat transfer coefficient first occurs. In today's 
technology, the CHF is a phenomenon related to the design and safety 
of various important devices. 
A major limitation on the thermal design of a light-water reactor 
(LWR) is the necessity to maintain an adequate safety margin between 
the CHF and the local heat flux. Extended operations at local power 
levels in excess of the CHF can lead to high temperature oxidation and 
embrittlement or melting of the zircaloy cladding, thus jeopardizing 
the fuel rod's integrity. In the nuclear industry, there have been 
many empirical CHF correlations developed over the years. These 
correlations are mostly based on steady-state (or quasi-steady) data 
obtained from various experiments covering different ranges of CHF 
parameters. Therefore, the application of such correlations is not 
only restricted by their parametric ranges, but is also limited to 
steady (or quasi-steady) operating conditions. In nuclear reactors, 
however, the CHF level is more likely to be reached during abnormal 
(transient) operating conditions, rather than during nonnal (steady) 
operations • . Depending upon the type of accident, a wide range of 
thermal-hydraulic conditions may arise. For accurate nuclear reactor 
mode 1 i ng, the accurate predict ion of CHF as a function of time-
dependent, thermal-hydraulic conditions is essential. This was the 
motivation of the subject study. 
This research was a two-fold study. In the first part, the 
quasi -steady approach in predicting the CHF is defined and analyzed. 
In this part, data from blowdown experiments are compared to commonly 
used steady-state correlations on a local-instantaneous basis. This 
is done as a continuation of the previous studies conducted at Argonne 
National Laboratory. In all these studies, including the present 
study, a simple computer program, foolant Qynamic ~nalysis (CODA), is 
used. The results are discussed in terms of the limitations of the 
quasi-steady approach. 
In the second part of this study, faster transients, where the 
quasi-steady approach is unable to predict the CHF, are considered. A 
new theory is developed to predict the CHF in power transients, which 
are typical of Reactivity Initiated Accidents . (RIA) in LWRs. The 
proposed theory is purely analytical. It incorporates the effect of 
the hydrodynamic instability on the surface dryout in addition to 
evaporation, which was studied as the unique mechanism by previous 
researchers. The presented theory compares quite favorably with the 
available data from electrical heaters. 
Two other types of transients which are of interest to the 
nuclear industry are rapid depressurization and rapid flow reduction. 
These are typical of Loss-of-Coolant Accidents (LOCA) and Loss-of-Flow 
Accidents (LOFA). The effects of these transients on CHF are also 
discussed from first principles. F1nally, the important parameters of 
a generalized transient CHF correlation are identified and are grouped 
into dimensionless numbers. The physical significance of each group 
is discussed. Based on experimental and theoretical observations, a 
general mathematical model is developed to correlate transient CHF. 
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NOMENCLATURE 
A Area (m2) 
A* Minimum area for area averaging (m2) 
Af Heater area covered by liquid (m2) 
Av Heater area covered by vapor (m2) 
·Aw Total heater area, Aw = Av + Af (m2) 
B Empirical Constant in Equation 67 (dimensionless) 
b Empirical Constant in Equation 70 
C Concentration of liquid droplets {kg/m3) 
Ceq: Concentration of liquid droplets at hydrodynamic equilibrium 
state {kg/m3) 
cp Specific heat (J/kg-°K) 
c Sonic velocity (m/s) 
D Deposition rate of liquid droplets (kg/m2-s) 
d Diameter (m) 
dHE: Heated equivalent diameter (m) 
dHY: Hydraulic equivalent diameter (m) 
E Entrainment rate of liquid droplets (kg/m2-s) 
Et Volumetric total energy (J/m3) 
Ev Rate of liquid layer evaporation (kg/s) 
E(v): Expected value of radial velocity (m/s) 
e Internal energy (J/kg) 
xvii 
F Correction factor for non-uniform axial heat flux 
f 1(P): 
f 2(P): 
I 
f 2(P): 
distribution (dimensionless) 
Prescribed function of pressure (W2/m) 
Prescribed function of pressure (J/m3) 
Prescribed function of pressure (J/m3 ) 
f 3 (P,6TSUB): Prescribed function of pressure and subcoolin9 
(dimensionless) 
G : 
9 
Mass velocity (kg/m2-s) 
Mass velocity of liquid film (kg/m2-s) 
Average radial mass velocity from core to bubbly layer 
(kg/m2-s) 
Gravitational acceleration (m/s 2) 
91( ), 92( ), 93( ): Generalized CHF functions 
H Thickness of flat ribbon heater (m) 
h Enthalpy (J/k9) 
he: Convective heat transfer coefficient (W/m2-°K) 
hf
9
: Latent heat of vaporization (J/k9) 
h1d: Enthalpy at point of bubble detachment (J/k9) 
Index in Taylor series expansion (dimensionless) 
K 
k 
km: 
L : 
LSAT: 
Lo: 
m : 
Empirical constant in Equation 70 
Thermal conductivity (W/m-°K) 
Mass transfer coefficient for deposition (m/s) 
Heated channel length (m) 
Heated length above saturation point (m) 
Laplace coefficient (m) 
Liquid film thickness in annular flow (m) 
Axial mass flow rate in core (kg/s) 
xviii 
. 
m2: Axial mass flow rate in bubbly layer (kg/s) 
m3 : Radial mass flow rate from core to bubbly layer (kg/s) 
m4: Radiant mass flow rate from bubbly layer to core (kg/s) 
n : Empirical exponent for the effect of 1 iquid supply on CHF 
(dimensionless) 
n': Empirical exponent, n' = n + 2 (dimensionless) 
n*: Minimum number of controlling phenomenon (dimensionless) 
P : Pressure (Pa) 
Per Critical pressure (Pa) 
PH: Heated channel perimeter (m) 
p(v): Probability density function of radial velocity fluctuations 
(dimensionless) 
Q : 
Qs: 
QSAT: 
q : 
qB: 
qCHF,IP: 
Heat generation rate per unit volume (W/m3) 
Heat generation rate per unit surface area (W/m2) 
Total power input from the saturation point (W) 
Heat flux (W/m2) 
Heat flux at the switch-over point between hydrodynamic 
instability and evaporation mechanisms (W/m2) 
Portion of the heat flux in . generating vapor (W/m2) 
Critical heat flux (W/m2) 
Critical heat flux in subcooled pool boiling (W/m2) 
Critical heat flux in saturated pool boiling (W/m2) 
Critical heat flux in saturated pool boiling over an infinite 
horizontal plate (W/m2) 
qCHF,ss= Steady-state critical heat flux (W/m2) 
qCHF,Ss,o= Steady-state critical heat flux with zero flow (W/m2) 
xix 
qCHF,Ss,oo= Steady-state critical heat flux with zero flow and zero 
subcooling (W/m2) 
qCHF,TR: Transient critical heat flux (W/m2) 
-<q> 
R 
r 
s 
s 
T 
Tc: 
TSAT: 
TW: 
t : 
Steady or quasi-steady surface heat flux (W/m2) 
Local-instantaneous heat flux (W/m2) 
Time averaged local heat flux (W/m2) 
Space averaged instantaneous heat flux (W/m2) 
Time and space averaged heat flux (W/m2) 
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CHAPTER I 
INTRODUCTION 
The term fritical ~eat flux (CHF) is used in boiling heat trans-
fer to describe the local value of the heat flux at which a character-
istic reduction in heat transfer coefficient first occurs. For 
heat-flux contra 11 ed surf aces, CHF is genera 11 y recognized by its 
phys i ca 1 effect as a sudden increase of the surface temperature. 
Figure 1 shows the CHF on a boiling curve, the complete characteris-
tics of which were first established by Nukiyama (1934). The curve 
ABCDE corresponds to boiling over temperature-controlled surfaces at 
constant pressure. For heat-flux controlled surfaces the transition 
boiling and the lower portion of the film boiling do not exist, and 
the surface temperature jumps from C to F once the critical heat flux 
is reached. In the literature, the CHF is sometimes defined slightly 
towards the left of the peak heat flux, at the point where the slope 
of the nucleate boiling curve starts decreasing. 
Burnout, dryout, departure from nucleate boiling (DNB), and 
boiling crisis are other terms commonly used in the 1 iterature in 
conjunction with CHF. They all describe the same characteristic 
reduction in the heat transfer coefficient during nucleate boiling. 
Macbeth (1963) suggested the term burnout for heat flux controlled 
surfaces, and the term CHF for temperature controlled surfaces. The 
departure from nucleate boiling (DNB) was defined by Tong (1968a) as 
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the CHF associated with low quality; whereas, the term dryout is 
reserved for CHF associated with high quality. Macbeth (1963) prefers 
to use the tenn fast burnout instead of DNB and slow burnout instead 
of dryout. This terminology is associated with the speed of the 
temperature rise following the burnout point. The term boiling crisis 
(Tong 1972) is also used by some authors as an encompassing term. 
Hereafter, in this study, the CHF is used as an encompassing term, 
since it is possibly the most common term in the international litera-
ture, and it does not suggest the mechanism by which CHF is reached. 
In conjunction with CHF, the terms DNB and dryout are a 1 so used in 
this study to specify low-quality and high-quality CHF, respectively. 
Historically, Leidenfrost (1756) is credited as the author of the 
first publication in boiling heat transfer. This publication, how-
ever, is based mostly on observations and by no means is truly scien-
tific, since even the latent heat of vaporization was not known until 
many years later. The first scientific CHF study was probably the 
establishment of the complete boiling curve by Nukiyama (1934). Since 
then, many CHF studies have been conducted at a rapidly-growing rate. 
The major portion of these studies, however, is of empirical nature 
with little analytical content. This situation has probably arisen 
due to the necessity of "qui ck answers" to the pract i ca 1 prob 1 ems 
raised by the rapidly-growing technology, based on boiling heat 
transfer. Such "quick answers" provided by the empirical results are 
restricted to specific situations and usually mask the physics of the 
general CHF problem. Since, in many instances, the complexity of the 
CHF prob 1 em requiring an e 1 abora te theory contradicts the idea of 
obtaining a quick, practical solution to the problem, the analytical 
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aspects are usually ignored. More recently, however, the detailed 
theoretical considerations of the CHF have started receiving more 
emphasis, possibly due to the growing complexity of the practical 
problems and to the restricted capacity of the empirical approach. As 
a result, despite the huge collection compiled over half a century, 
the CHF problem st i 11 offers a cha 11 enge to scientists. A comp 1 ete 
understanding of CHF phenomenon must be preceded by a strong two-phase 
flow theory, which will possibly remain as a challenge for the rest of 
the century. 
In today's technology, the CHF is a phenomenon related to the 
design and safety of various important devices, such as nuclear reac-
tors, chemical-process plants, steam generators, liquid-fuel rocket 
engines, superconducting magnets, two-phase flow heat exchangers, 
laser mirror cooling, and water-cooling turbine blades. The present 
study, however, is mostly directed towards the requirements of the 
nuclear industry, although the general nature of the problem is also 
preserved. 
A major limitation on the thermal design of a light-water reactor 
(LWR) is the necessity to maintain an adequate safety margin between 
the critical heat flux (CHF) and the local heat flux. The safety 
margin is generally quantified by the ratio of the CHF to the local-
heat flux and is commonly termed as the departure from nucleate 
boiling ratio (DNBR), or the critical heat-flux ratio (CHFR). Since 
the CHFR is a measure of the safety margin to CHF, a value less than 
unity implies that the CHF has been exceeded. Extended operation at 
local power levels in excess of the CHF can lead to high-temperature 
oxidation and embrittlement of the zircaloy cladding, thus 
5 
jeopardizing the fuel-rod's integrity. The "time at temperature" 
criteria of Pawel (1974), in conjunction with the isothermal-kinetic 
correlation of Cathcart (1977), is often used to assess the post-CHF 
conditions leading to cladding failure. Figure 2 illustrates Pawel's 
(1974) "time at temperature" embrittl ement criterion for post-CHF 
operation that may lead to cladding failure. Low-quality CHF (or DNB) 
is usually characterized by an .inordinate thermal excursion and high 
cladding temperatures and may result in early cladding failure. 
Contrastingly, high-quality CHF (or dryout) is not heralded by a rapid 
increase in cladding temperature and may continue at post-CHF condi-
tions for extended periods prior to jeopardizing the cladding. There-
fore, an accurate prediction of the CHF is fundamentally important for 
nuclear plant safety. Although reaching the CHF level does not neces-
sarily mean failure, it is the first threshold on the way to fail~re. 
Thus, the CHF is to be avoided; or, if it is accidentally reached, 
corrective measures must be taken. 
For use in the nuclear industry, there have been many empirical 
CHF correlations developed over the years. These correlations are 
mostly based on steady-state (or quasi-steady) data obtained from 
different experiments covering different ranges of CHF parameters. 
Therefore, the application of such correlations is not only restricted 
by their parametric ranges, but is also limited to steady (or quasi-
steady) operating conditions. In nuclear reactors, however, the CHF 
level is more likely to be reach.ed during abnormal (transient) operat-
ing conditions, rather than during normal (steady) operations. 
Depending upon the type of accident, a wide range of thennal-hydraulic 
conditions may arise. For accurate nuclear reactor modeling, the 
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prediction of the CHF as a function of the time-dependent therma 1-
hydraul i c conditions is essential. 
This is the motivation of the present study. The author's inten-
tion i s neither to develop a new steady-state CHF correlation, nor to 
improve the theory of steady-state CHF. The primary intent of the 
present study was to deve 1 op methods to predict the transient CHF, 
using previously developed knowledge of steady-state CHF. Chapter II 
briefly summarizes the basic concepts of steady-state CHF. In Chapter 
II I, emphasis is p 1 aced upon ana 1 yt i ca 1 considerations of the CHF 
problem. Certain postulated thermal accidents in Light Water Reactors 
(LWR) are summarized in Chapter IV. The quasi-steady approach is 
defined in Chapter V, and the app 1 i cation of such an approach to 
transient CHF problem is discussed in Chapter VI. Examples from the 
1 i tera tu re, where the CHF cannot be determined through the quasi -
steady approach, are cited in Chapter VII. In Chapter VIII, theoreti-
cal correlations to predict the CHF in power transients are developed 
and compared with experimental data. The pressure and mass flow-rate 
transients are theoretically analyzed, based on the first principles 
in Chapter IX. Based on the theoretical and experimental observations 
of previous chapters, a general mathematical model to correlate the 
transient CHF is obtained in Chapter X. The necessity for future 
research is discussed in Chapter XI. Chapter XI also concludes and 
summarizes the subject study. 
CHAPTER II 
BASIC CONCEPTS OF THE CRITICAL HEAT FLUX 
Some basic concepts of the CHF are summarized within this chap-
ter. The summary is restricted to the material which is necessary in 
the discussion of transient CHF. The CHF problems associated with 
external flow and with rotating liquid films (Mudawwar 1985) are not 
included in this summary. For a more detailed review of steady-state 
CHF, the readers are referred to Collier (1981), Gambill (1977), 
Bergles (1979), and Katto (1985). The concept of forced convective 
CH F i n v e rt i ca 1 c i re u 1 a r cy 1 i n de rs w i th uni form heat fl u x i s f i rs t 
considered. 
CHF for Forced Convective Boiling in Vertical 
Circular Cylinders with Uniform Heat Flux 
The geometry of this problem is shown in Figure 3. Before going 
into details, it is interesting to look at the upper and lower limits 
of the CHF, as observed by Collier (1981). 
Boundaries of the CHF 
For forced convective boiling in vertical circular cylinders with 
uniform heat flux, the minimum possible value of CHF can occur when 
the surface temperature at the exit reaches the saturation tempera-
ture. 
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Figure 3. Vertical Circular Cylinders with Uniform Heat Flux 
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(1) 
where hc,f is the convective heat transfer coefficient when the total 
flow is assumed to be liquid. 
The maximum value of CHF can occur when the exit quality is equal 
to 1. 
(2) 
For any system the value of CHF is within these limits, which cover a 
wide range. Equations 1 and 2 are also useful in identifying the 
independent parameters of CHF. 
Independent Parameters of CHF 
Equations 1 and 2 suggest a CHF correlation in the following 
form: 
The CHF can al so be expressed in terms of exit quality. The exit 
qua 1 i ty can be re 1 a ted to in 1 et subcoo 1 i ng vi a the energy-ha 1 ance 
equation. In case of non-uniform heating, the CHF does not necessar-
ily occur at the exit, as will be discussed in a later section. In 
this case, the total length L in equation 3 must be replaced by the 
axial coordinate z. 
The effect of these parameters on the CHF are experimentally 
observed. Figures 4 through 9, obtained from Collier (1981), 
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illustrate these effects. Figure 4 shows that the CHF increases 
linearly with an increase in inlet subcooling. Although this is the 
general trend, a non-linear variation is also possible under certain 
conditions, as · shown in Figure 8. Figure 5 shows that the CHF 
decreases linearly with the exit quality. An interesting result of 
Figure 5 is that the CHF increases as the mass velocity increases for 
1 ow-quality and subcoo 1 ed ex it conditions, but an opposite trend is 
observed for high-exit quality. The tube length has a negative effect 
on the CHF, as seen in Figure 6; the CHF decreases as the tube length 
increases for fixed-inlet conditions. But for fixed-exit conditions, 
the tube length has no effect on the CHF, as shown in Figure 7. For 
fixed-inlet conditions, the CHF decreases rapidly for small tubes, and 
less rapidly for larger tubes, as shown in Figure 8. Figure 9 shows 
the effect of system pressure on the CHF. For a fixed-mass flux, 
diameter, length, and exit quality, the CHF increases with increasing 
pressure at low pressures and decreases with increasing pressure at 
higher pressures. If the inlet temperature is held constant, instead 
of exit quality, the rapid decrease in the CHF at high pressures is 
almost eliminated. 
Besides these major parameters, there are additional minor influ-
ences on the CHF. 
Minor Influences on the CHF 
It has been experimentally observed that the following variables 
have some minor effects on the CHF, as cited by Collier (1981): 
a. Method of heating the tube 
b. Material of the tube wall 
u. 
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c. Tube wall thickness 
d. Internal bare surface finish: Surface roughness has no 
effect on film boiling but enhances nucleate boiling. 
The nucleate boiling portion of the boiling curve is 
shifted towards right by smoother surfaces, but the effect 
on the magnitude of CHF is very small. This is shown in 
Figure 10. 
Although informative, the material of this section is not 
directly applicable to CHF problems associated with nuclear tech-
nology. These problems deal with a cosine-shaped axial heat-flux 
profile, rather than a uniform heat flux profile, as shown in Figure 
11. The flow is also parallel to a rod bundle, rather than an 
internal flow inside a verticalcircular cylinder. These two 
characteristics are examined in the following sections. 
CHF for Forced Convective Boiling in Vertical Circular 
Channel, with Non-Uniform Axial Heal Flux 
At low-quality conditions, minimal integral effects are present. 
Therefore, the local conditions approach, which assumes only the local 
heat flux, pressure and quality control CHF, is val id even for non-
uniform-axial heat flux. But, for high quality situations {x ~15%) an 
integral approach predicts the CHF best. 
One approach to an integral correlation is to write a critical 
quality-boiling length correlation as was done in the CISE correla-
tion. This concept is explained in a later section about CHF 
correlations. 
N 
..,, 
-• 
... 
.r::. 
' ;::, 
..,, 
m 
... 
>< 
::> 
...J 
LL 
~ 
w 
:c 
. 19 
COPPER - PENTANE 
CLAP E 
e EMERY 60 
O EMERY 320 
11 MIRROR FINISH 
103L-____________ _:,,. __ ....a..... ________________ __, 
10 102 103 
WALL SUPERHEAT, F 
Figure 10. The Effect of Surface Finish on the Boiling Curve 
(Berenson 1962) 
20 
COSINE CHOPPED- COSINE 
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Another approach is the F-factor method, which is proposed by 
Tong and his co-workers (Tong 1966), (Smith 1965), (Tong 1967). At 
the present time, this method as applied by Lee (1966) is recommended 
by Collier (1981) as the best empirical correlation for smooth non-
uniform axial heat-flux profiles. In this method, a factor F is 
defined such that 
F = 
[qCHF(z)Ju 
[qCHF(z)]nu 
( 4) 
where [qCHF(z)]u is the value of the CHF at any given local enthalpy 
for the uniform heat flux profile case and [qCHF(z)]nu is the value of 
the CHF at the same given local enthalpy for the particular non-
uniform heat flux profile case. 
By considering an energy ba 1 ance on the superheated boundary 
layer in the bubbly-flow region (Tong 1966) or a mass balance on a 
liquid film in the annular-flow region (Smith 1965), F is found to be 
z 
n f CHF (z) F = 1 ( n ) { ) exp[-n(zCHF - z)]dz 
- exp - zCHF o q zCHF 
(5) 
The value of n is found by comparing the method to experimental 
data. Tong et al. (Tong 1966) obtained the following relation for n: 
(6) 
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where G is given in lb/hr-ft2• In his application, Lee (1966) sug-
gested a different correlation for n. A more detailed analysis of 
this method is beyond the scope of the present study. For further 
information , the individual papers as referenced above may be 
consulted. 
The CHF problem in rod bundle geometry is discussed in the next 
section. 
Rod Bundle Geometry 
In the previous sect i ans, the c i rcu 1 a r channe 1 was considered. 
There are also CHF problems associated with other geometries, like 
annuli (Katto 1979 and 1981) and rectangular ducts (Katto 1981), 
discussed in the literature. But one major area of application for CHF 
is the nuc 1 ear-reactor core, where the fl ow is through a rod bund 1 e 
rather than a circular channel. Therefore, the rod bundle geometry is 
of major importance for practical applications. The rod bundle 
prediction models can be classified in two categories: 
a. Lumped parameter correlations, where average values of heat 
flux, mass flow, etc., are used and a correlation relating 
these values is derived. 
b. For more accurate results, the subchannel analysis is per-
formed. There are two different approaches for subchannel 
analysis. The difference between the c 1 ass i ca 1 subchanne 1 
and rod-centered subchannels is shown in Figure 12. With 
" the classical subchannel models, it is usually necessary to 
develop independent CHF correlations, but with the rod-
centered models, quite accurate predictions can be obtained 
CLASSICAL 
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Figure 12. Subchannels in Rod Bundles 
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by using round tube or annulus correlations on an equivalent 
diameter basis (Hewitt 1979). 
The different mechanisms which 1 ead to CHF are reviewed in the 
next sections. 
Mechanisms of CHF 
Although there are a few postulates to explain the CHF phenome-
non, there is not yet a complete understanding of all mechanisms 
involved. There are different explanations for CHF's occurri·ng at 
low-quality (DNB) and at high-quality conditions (Dryout). 
Subcooled and Low-Quality Regions 
a. Near Wall Bubble Crowding and Vapor Blanketing: This condition 
is schematically shown in Figure 13. A boundary layer of bubbles 
grows to a point where it restricts the access of liquid to the 
heated surface. Kutateladze (1966) and Tong (1968b) suggest that 
the cri ti ca 1 phenomenon is the separation of the hydrodynamic 
boundary layer. A successful analytical prediction of DNB for 
this mechanism is obtained by Weisman and Pei (Weisman 1983). 
This theoretical approach is summarized in Chapter III. 
b. Dryout under a vapor clot: This is due to local overheating, 
following the bubble growth from a nucleation center. As shown 
in Figure 14, the temperature at the spot is too high, such that 
it cannot be rewetted when the bubble departs. It is generally 
assumed that, for this form of CHF, the CHF depends only on local 
enthalpy and there are no history effects. 
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c. Evaporation of liquid surrounding a slug-flow bubble: This 
phenomenon is illustrated in Figure 15, and it is likely to occur 
for slow flow in small diameter tubes. Bubbles fonn in the thin 
liquid film and cause local dryout. A runaway burnout condition 
could develop whenever the local temperature did not quite return 
to the original value after a liquid slug has passed by. Under 
this condition, the wall temperature would rise through a saw-
toothed pattern and eventually become hotter than the Leidenfrost 
temperature, thus eliminating the possibility of liquid quenching 
and promoting a post-CHF condition. Since the slug frequency is 
hard to determine, there is no analytical criterion for the onset 
of this kind of CHF. Such a CHF phenomenon exists in the slug 
flow regime only, which is very difficult to obtain if the pipe 
diameter is larger than the critical wavelength, \ (Hsu 1976). 
The critical Taylor instability wavelength is given by: 
A = 2nl3[cr/g(pf - p )Ji 
c g (7) 
The slug flow is also very unlikely at elevated pressure. 
Therefore, this type of CHF is very unlikely, especially for 
pressurized water reactors (PWR). 
High-Quality Region/Annular Flow 
To a reasonable approximation, the CHF in annular flow occurs 
when the film-flow rate locally and smoothly goes to zero. Figure 16 
illustrates the critical phenomenon associated with annular-flow 
regime. For CHF occurring at high quality under annular-flow 
28 
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Figure 15. CHF Associated with Slug Flow (Collier 1981) 
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conditions, there are successful analytical approaches which compare 
reasonably with the experimental data. These approaches will also be 
summarized in Chapter III. 
A tentative map of regions of operation of various CHF mechanisms 
is given in Figure 17. 
Empirical CHF Correlations 
There are hundreds of CHF correlations available in the litera-
ture. Some of these are relatively successful. But in using these 
correlations, one should be careful about the range of independent 
variables over which data were correlated. Some of the frequently 
used correlations are given in the Appendix A. A successful CHF 
correlation must manifest the following asymptotic trends, as observed 
by Groeneveld et al. (1981). 
a. CHF approaches pool boiling CHF at low flows, 
b. CHF approaches zero as x approaches unity, 
c. CHF cannot become negative, even for negative flow (downflow), 
d. CHF reaches a maximum within an approximate pressure range of 3-6 
MPa for water, 
e. CHF approaches zero when P approaches critical pressure. 
There are different approaches in correlating the CHF data. The 
local condition hypothesis assumes CHF is only a function of the local 
fluid conditions. According to Hsu and Graham (Hsu 1976), the local 
condition CHF may be correlated in the form: 
(8) 
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If the CHF is assumed to be dependent on fl ow history or upstream 
effects, the correlation should be (Hsu 1976) 
(9) 
where LSAT is the saturation length. 
Berto 1 etti et al • ( 1965) al so considered the gl oba 1 effects on 
CHF, in which case the correlation takes the form 
(10) 
where QSAT (z) is the total power input from the saturation point. 
The 1 ast two approaches state that an integra 1 approach is re-
quired to determine CHF, as opposed to the first approach which states 
that CHF is only a function of the local parameters. Both approaches 
have successful applications in different problems. For CHF occurring 
under uniform heating, the local conditions approach is quite success-
ful. For non-uniform heating, however, the local condition approach 
is still satisfactory to determine the DNB; but for dryout conditions, 
an integral approach is necessary. 
In nuclear reactors, especially during accident situations, a 
wide range of thermal-hydraulic conditions are possible, and the CHF 
may not be predicted by a single correlation. The parametric ranges 
for the independent variables are restricted for individual correla-
tions. In addition, each correlation is valid for a specific CHF 
mechanism, as discussed earlier. Therefore, to encompass all possible 
thermal-hydraulic conditions, many independently developed correla-
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tions must be tied together in a CHF mapping as suggested by Dahlquist 
et al. (1985). 
Another rather difficult method is to start from scratch and 
develop a set of consistent correlations for a wide thermal-hydraulic 
range, as accomplished by Katto (1978 through 1982). In four 
different regimes, which he named L, N, H, and HP regimes, Katto 
analyzed the data in terms of five dimensionless groups: 
2 (qCHF,o/Ghfg), (Gp1/G L), (L/d), (pv/p 1) · and (8hsuB)i/hfg· The term 
qCHF,O is the value of CHF for saturated inlet conditions. If the 
liquid is subcooled at the entrance, the CHF is found by using the 
following linear relation: 
( 11) 
For flow in a vertical-circular channel with uniform heat flux, 
Katto correlated the data for each regime. The correlations yield to 
each other at the regime boundaries. The empirical correlations for 
each regime, the proportionality constant K for each regime, and the 
equations for the regime boundaries are given in Appendix A. Here the 
characteristics of each regime are discussed. 
The L-regime is characterized by annular flow which is closely 
allied to dispersed flow. Here the CHF mechanism is due to the defi-
ciency of 1 iquid (Dryout). The 1 inear relation between qCHF and 
(8hSUB)i is observed. 
The N-regime displays a bubbly flow. The exit quality is low. 
The CHF occurs by transition from nucleate boiling to film boiling 
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Figure 18. The Regime Map for Katto Correlations (Katto 1982) 
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(DNB). Katto noticed that the relation between qCHF and (bhSUB)i is 
not linear in this regime (1978). 
The H-regime is characterized by annular flow. This is an inter-
mediate regime between L and N regimes. Katto assumed that the hydro-
dynamic instability of the interface is responsible for the CHF 
(1979b). The linear relation between qCHF and (bhSUB)i is also 
observed in this regime. 
Finally, the HP-regime is defined as the substitute for the N 
regime at high system pressure_s. The exit fl ow patterns in this 
regime could not be determined. The linear relation between qCHF and 
(bhSUB)i is also observed. 
By using the empirical correlation for each regime and by 
neglecting the existence of any transition region, the boundaries for 
the regimes were obtained by Katto (1980b). This regime map is shown 
in Figure 18. 
In his studies, Katto also analyzed the heating-length concept 
(Katto 1979b) and the limiting exit quality concept (Katto 1982). The 
empirical correlations for high-quality regimes are employed to 
predict the limiting exit quality, and the prediction compares satis-
factorily with the existing data (Katto 1982). 
CHF in Forced Convection of Fluids Other Than Water 
Al though most of the test data a re for water, some data for 
different 1 i quids al so appear in the 1 i terature. The impetus for 
other fluid CHF modeling include: 
.36 
a. In the chemical and process industries, a wide variety of liquids 
are used in boiling equipment; and there is a need to predict CHF 
for these cases. 
b. Because of the high latent heat and high critical pressure of 
water, the CHF experiments with this liquid tend to be very 
expensive. To reduce the cost, there is a trend towards other 
liquids. 
c. Having measured the CHF using the modeling fluid, then the 
problem is to establish a quantitative relationship to water. 
One of the more successful approaches to this problem of scaling 
is that of Ahmad {1973). By classical dimensional analysis, 
Ahmad (1973) combined three dimensionless groups into a modeling 
parameter 'l'CHF as follows: 
'l'CHF = (12) 
The success of this scaling model can be seen in Figure 19. 
The other liquids which are of interest to the nuclear industry 
are the liquid metals which are used in Liquid Metal Fast Breeder 
Reactors (LMFBR). Unfortunately, boiling heat transfer in liquid 
metals is more of a challenge than water and other organic liquids. 
Even the problem of single-phase. convection with 1 iquid metals shows 
completely different characteristics than the liquids with higher 
Prandl number. For instance, a commonly-used Dittus-Boelter equation 
for single-phase convective heat transfer may not be used for liquid 
meta 1 s with very 1 ow Prandt 1 number ( Bej an 1984) • This different 
37 
3.---------------------------------------..,.-------------------
~ 
2 ~ MO 
..... 
IC 
~ 
z; 
" " ~ 
::c 
(.) 
CT 
1 
0 
• 6 
·i_ 
e ~AA 
•• °'. c1~ 
0 
• 
6 
f tu id p (bar) 
co2 19.6 
Freon-12 10.7 
Water 68.9 
'Coo 
• -..;.o ... ooe..o 
•e-o-----~-
20 
'¥CHF 40 
Figure 19. Application of Ahmad's Scaling Model (Ahmad 1973) for 
Water, Freon-12 and Carbon Dioxide (Collier 1981) 
60 
38 
behavior of liquid metals is attributed to their high thermal conduc-
tivity, which results in a high radial and axial molecular conduction 
(Kays 1980). In general, single-phase convection of liquid metals 
does not lead to a simple analytical formulation, and there are many 
open questions concerning liquid-metal heat transfer (Holman 1981). 
Considering the fact that the single-phase convection of liquid 
metals has many unanswered questions, one can appreciate the difficul-
ties in the boiling heat transfer problem of liquid metals. There-
fore, it is not surprising that the CHF in liquid metals may not be 
predicted by the empirical CHF correlations developed for water and 
other organic liquids. There are CHF correlations available for 
individual liquid metals, like potassium (Garlov 1975), sodium (Costa 
1970), etc. But, in general, the boiling heat transfer in liquid 
metals is in its early stages, as compared to the boiling heat trans-
fer in water and other organic liquids, as observed in the study of 
Kottowski and Savatteri (1984). Therefore, a general scaling criter-
ion to correlate the CHF for all the liquid metals is not established 
yet. And due to the above exp 1 a ined reasons, it is doubtful that a 
general scaling model similar to Ahmad's (1973) may be established to 
include all possible liquids, like organic liquids, water, liquid 
metals, and oils. 
CHAPTER III 
THEORETICAL STUDIES OF CRITICAL HEAT FLUX 
A detailed summary of theoretical CHF studies is given in this 
chapter. The first section contains the theoretical models for pool-
boil ing CHF. In the second section, forced convective CHF is consid-
ered and analytical CHF models for near-wall bubble crowding and 
annular flow dryout mechanisms are summarized. 
Pool Boiling CHF 
Empiricism generally prevails in determining the CHF. However, 
for saturated pool boiling, Zuber's (1958) analytical model, with a 
few modifications, is the most widely used CHF criterion. Zuber's 
model postulates that the vapor generated at the heater surface forms 
a continuous columnar escape flow with \/2 diameter vapor jets at 
intervals of A , where A is the critkal wavelength due to Taylor 
c c 
instability. According to the model, CHF occurs where the liquid-
vapor interface becomes unstable due to the Helmholtz instability. 
Using this CHF model, and within a few approximations, Zuber obtained 
the following pool boiling CHF correlation: 
(13) 
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The same form of the equation was also obtained by Kutatelatze (1963), 
who correlated the data through dimensional analysis; instead of the 
constant 0.131, Kutatelatze proposed the constant to be 0.16 ± 0.03. 
Later, Leinhard and co-workers (Leinhard 1981) reviewed Zuber's model 
in light of the experimental data. They proposed that the critical, 
unstable wavelength Ac should be the most susceptible wavelength, due 
to a Taylor instability, given by 
(14) 
They also assumed that at the onset of the CHF the Helmholtz instabil-
ity wavelength is equal to the Taylor instability wavelength. With 
these assumptions, they suggested that the constant 0.131 be raised to 
0.149. · This pool boiling CHF model is illustrated in Figure 20. 
Leinhard and co-workers also extended Zuber's model originally postu-
lated for infinite upward-facing horizontal flat plates, to heaters of 
finite geometry (Leinhard 1981). Later reports on nucleate boiling, 
however, contradict the assumptions of continuous vapor-escape col-
umns. In actuality, vapor is observed (.Moi ss is 1963) to escape in the 
form of vapor slugs with unsteady behavior. 
Gaertner and Westwater ( 1960; 1965) observed the fo 11 owing in 
their experiments: (1) the heated surface is wetted by a liquid film 
which contains numerous columnar vapor stems, as shown in Figure 21.a, 
(2) the massive vapor bubbles on top of the liquid film departs when 
it reaches a certain size and is immediately replaced by a new bubble, 
(3) the total cross-sectional area of the vapor stems is independent 
of the heat flux, and (4) the thickness of the liquid film decreases 
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Figure 21. Boiling Configuration at High Heat Fluxes 
Over Flat Plates (Haramura 1983) 
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with increasing heat flux. Based on these experimental observations, 
the model of Zuber has been questioned (Katto 1970) and, recently, 
Haramura and Katto (1983) proposed a new hydrodynamic model for pool 
boiling CHF. Their physical model incorporates the observations 
reported by Gaertner and Westwater (1960; 1965) and is called (Katto 
1985) the "multi-step" model, because it suggests that the CHF occurs 
as a result of various factors such as: ( 1) the appearance of an 
interference region in nucleate boiling, accompanying the critical 
liquid film thickness phenomenon due to the Helmholtz instability, (2) 
the vapor blanket overlying the liquid film on the heated surface, (3) 
the hydrodynamic mechanism feeding liquid from the bulk liquid to the 
heated surface, and (4) liquid depletion on the heated surface. 
The model of Haramura and Katto (1983) is based on the experimen-
tal observation that the bubble is observed to hover over the liquid 
film, and the hovering period is formulated in the following form, as 
given by Haramura and Katto (1983): 
where v1 is the volumetric growth rate of the bubble and ~ is the 
volumetric ratio of the accompanying liquid to the moving bubble. The 
term ~ is taken as 11/16 by Haramura and Katto. 
Haramura and Katto (1983) assumed that the liquid layer thick-
ness, a , is a fraction between O and 0.5 of the critical wavelength, 
c 
AH' for the Helmholtz instability in the vapor stems, and is given as: 
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2 2 
oc = y 2n cr [( pf + pg)/(pf pg)](Av/Aw) (pg hfg/q) {16) 
where 0 < y < 0.5 
In their study Haramura and Katto used an average value for y of 0.25. 
Also based on the experimental results of Gaertner and Westwater 
{1960; 1965), the bubbles were assumed to be equally spaced and the 
interval between the bubbles, AD is the most susceptible wavelength, 
due to a Taylor instability as shown in Figure 21.b. AD is given by 
Since the heater area participating to the growth of one vapor bubble 
is assumed A6, the volumetric growth rate of a bubble is 
{18) 
and the corresponding hovering time is given by equation 15. 
At high heat fluxes, the liquid film at the heater surface is not 
fed with liquid from the bulk region during the hovering period of the 
bubble. Thus, Haramura and Katto (1983) postulated that the CHF will 
occur if the liquid film dries out at the end of the hovering time Td' 
in which case the heat balance equation is 
(19) 
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Thus, solving equations 15 through 19 simultaneously, the critical 
heat flux correlation may be determined in terms of A /A as 
v w 
0.721 (A /A )518 [1 - (A /A )]5116 
v w v w 
(20) 
Finally setting the right-hand-side of Equation 20 equal to 0.131 
(Zuber's constant), Av/Aw is found. Haramura and Katto (1983) give an 
approximate form for Av/Aw as 
(21) 
This result confirms Gaertner and Westwater's (1960; 1965) observa-
tions, as ( i) Av/ Aw is much sma 11 er than 1 even for elevated pres-
sures, (ii) Av/Aw is independent of the local heat flux. 
For the case of pool boiling from an infinitely-long cylindrical 
heater, some modifications are suggested by Haramura and Katto (1983). 
At the CHF, the heat balance equation on the liquid film is given by 
rather than Equation 19. Instead of Equation 17, the following equa-
tion must be used to find the modified, unstable Taylor wavelength: 
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The form in Equation 23 is due to the additional effect of the 
surface tension along the curvature. Finally, since the heater area 
contributing to one vapor jet is ndA0, the volumetric grow rate of the 
bubble is 
(24) 
Therefore, the steady-state CHF for horizontal cylinders is obtained 
by solving equations 15, 16, 21, 22, 23 and 24 simultaneously and is 
given as 
qCHF,00 /qCHF,IP = (/3/R')l/16 [1 + (1/2R'2)]1/32 (25) 
where qCHF,IP is the steady-state CHF for a horizontal infinite plate 
in saturated pool boiling, and is given by Equation 20 and R' is the 
dimensionless radius and is defined as 
R' = (d/2)/[cr/g(pf - pg)]l (26) 
The bubble configuration for infinitely-long cylinders is shown in 
Figure 22. Figure 23 shows the comparison of Equation 25 with the 
experimental data. 
Haramura and Katto also considered pool boiling with infinitely-
long horizontal thin and flat ribbon heaters, with the broad side 
oriented vertically and with both sides heated. If the vertical 
liquid 
layer 
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dimension (W) is small, they suggest to use the same set of equations 
as for a horizontal cylinder, using an equivalent diameter defined as 
nd = 2W (27) 
However, s i nee the various effects of the thickness are ignored and 
the exact value of the unstable Taylor wavelength is unknown for such 
a geometry, the solution can only be considered as a rough estimate. 
The "multi-step model'' is also applied to CHF problems associated with 
external flow (Haramura and Katto 1983; Katto and Haramura 1983), but 
this problem is not included here, since the study is not specifically 
concerned with the external flow problems. 
The original model of Zuber (1958), as wel 1 as the model of 
Haramura and Katto (1983), are both for saturated pool boiling. The 
effect of subcool ing on the pool boiling CHF was first studied by 
Kutateladze (1963). Later, Kutateladze's equation was slightly modi-
fied by Ivey and Morris (Ivey 1962), so as to better agree with the 
experimental data, yielding 
There are further restrictions on the above models. They do not 
apply to very small geometries, characteristic length less than Ac or 
~' and they are restricted to water and most of the organic liquids. 
They do not predict the pool boiling CHF in liquid metals, as reported 
by Subbotin et al. (1969). 
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Forced Convective Boiling CHF 
In this section, the analytical models for two commonly encoun-
tered CHF mechanisms will be summarized. First, the "near-wall bubble 
crowding" mechanism for low-quality CHF (or DNB), then the high-
quality annular-flow dryout mechanisms will be considered. 
Prediction of Low-Quality/Subcooled CHF in Vertical Pipes 
For 1ow-qua1 ity or subcoo 1 ed CHF, commonly referred to as DNB, 
. . ' 
the most important CHF mechanism is "Near-Wa 11 Bubb 1 e Crowding and 
Vapor Blanketing." For this mechanism, an analytical prediction was 
made by Thorgerson et al. (1974). . Their model is based on the 
Reynold's analogy and relates the CHF to a critical friction factor. 
Although successful in correlating their own experimental data, the 
method cannot be recommended as widely usable; since the pressure drop 
must be measured in the same experiment as the CHF _ The most success-
fu 1 approach to the prob 1 em of determining the DNB was pub 1 i shed 
recently by Weisman and Pei (1983). 
Weisman and Pei investigated the CHF problem associated with a 
bubble boundary layer adjacent to the wall in boiling at subcooled or 
low-quality conditions (1983). The characteristics of such a boundary 
layer were experimentally investigated earlier by Jiji and Clark 
( 1964). Weisman and Pei ( 1983) based their method on the fo 11 owing 
postulates: 
a. Under subcooled or low-quality conditions, the CHF is a local 
phenomenon. 
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b. There exists a bubble boundary layer which builds up in thickness 
along the channel and very close to the wall, where the turbulent 
eddy size is insufficient to transport the bubbles radially. 
c. At the CHF location, the boundary layer is assumed to have its 
maximum thickness. 
d. The CHF occurs when the void fraction of vapor in the bubbly 
layer exceeds the critical void fraction, whic~ is defined at the 
value of the void fraction where an array of ellipsoidal bubbles 
can be maintained without significant contact between the 
bubbles. 
e. The volume fraction of vapor in the boundary layer is determined 
by a balance between the outward flow of vapor and inward flow of 
liquid at the boundary layer interface, which implies that the 
liquid entering the boundary layer eventually reaches the wall. 
Figure 24 shows the transport between the core and the bubbly 
layer. The mass balance in the bubbly layer may be written as 
A mass balance on the liquid in the bubbly layer yields 
m3(1-x1) = qb(2nR)~z/hfg - m2 (~x2 ) 
+ ~m2(l-x2) + m4(l-x2) 
(29) 
(30) 
when second-order terms are ignored. In Equation 30, qb represents 
the portion of the total heat flux effective in generating vapor. 
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Figure 24. Schematic Diagram of Transport Between 
Core and Bubbly Layer (Weisman 1983) 
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Combining equations 29 and 30, replacing m3 by G3 2n(R-s)~z, and 
using the following assumptions: 
(i) R/(R-s) is close to unity, 
( i i ) at CH F 1 o cat i on [ m 2 I 2 n ( R- s ) ] ( tix 2 I ~z ) i s neg 1 i g i b 1 e ( th i s 
assumption is justified in the study), the following equation is 
obtained: 
(31) 
The term qb may be written as 
where hld is the enthalpy at the point of detachment. For saturated 
boiling Equation 32 obviously reduces to 
(33) 
Therefore, the final correlation takes the following non-dimensional 
form: 
q (34) 
where q becomes the crit i ca 1 heat flux when x2 corresponds to the 
critical quality. The value of the critical void fraction is calcu-
lated by estimating the maximum void fraction at which separate 
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ellipsoidal bubbles with the ratio of long-to-short ellipse axis being 
about 3:1, could be maintained in the bubbly layer. An infinite array 
of such bubb 1 es is found to correspond to a void fraction of O. 82. 
The value of x2 is the quality corresponding to this void fraction 
with no-slip conditions. For high mass fluxes, a negligible vapor 
slip may be a good assumption. The evaluation of G3 is based on the 
estimation of the magnitude of fluctuating radial velocity components 
at the interface. The mathematics of this requires a certain degree 
of empiricism and is beyond the scope of the present study. Weisman 
and Pei (Weisman 1983) compared their theoretical correlation with the 
available data for uniformly and non-uniformly heated round tubes with 
various liquids used as coolant. The results are quite successful. 
Prediction of Dryout in Vertical Pipes 
The prediction of the CHF for annular flow in vertical pipes has 
been the subject of numerous i nvesti ga ti ons, the most comprehensive 
one being the method developed by Walley (1974, 1976, 1978a, 1978b), 
called the Harwell Model. Recently, Levy ( 1980) proposed a model 
which is based on the Harwell model with a few exceptions. This 
recent model is applied with relatively better success. Here the 
Harwell model with Levy's interpretation is summarized. 
Figure 25 shows a section of a vertical pipe where there exists 
annular flow. The heat flux at .any position z, the total-mass velo-
city, the inlet-fluid subcooling, and the system pressure are speci-
fied. The _prob 1 em of interest is to determine whether the CHF wi 11 
occur along the pipe, and, if it does, the location and the fluid 
properties at that location. 
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At a position z, the mass balance perpendicular to the flow 
direction may be written as follows: 
dGf 2 ~ = - (D-E- q/h ) dz R fg (35) 
where Dis the deposition rate of the liquid upon the liquid film, and 
E is the entrainment rate of the liquid into the vapor core. D and E 
are defined in terms of the 1 iquid concentration C away from the 
liquid film. C is given by 
c = 
G(l-x) - Gf (36) 
Gx + G(l-x) - Gf 
Pg Pf 
where x at any posit ion z may be ca lcu 1 a ted from an energy ba 1 ance 
equation 
The deposition rate, D, is given by 
D = k C 
m 
where km is the mass transfer coefficient. 
(37) 
(38) 
E is defined by Walley (1976 ) in terms of an equilibrium concentra-
tion ceq as follows: 
(39) 
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Figure 26 shows the variation of the equilibrium concentration with 
respect to -r i m/ cr. The empi ri ca 1 va 1 ues of C eq a re corre 1 a ted by 
Katto (1982b) as follows: 
c = 1. 01 x eq 103[ (L .m) I cr ]2. 50 1 for (-rim)/cr < 0.0366 
ceq = 
2 1.81 1.03 x 10 [(-rim)/cr] for 0.0366 < (-rim)/cr < 0.247 (40) 
ceq = 10(0.439 + 1.92 -r;m/cr) for 0.247 < ( -rim)/cr 
where ceq is given in kg/m3• 
Rather than using this approach, Levy (1980) expressed Ceq in 
terms of an equilibrium quality, xeq' as 
( 41) . 
In the same reference (Levy 1980), the following relation is given: 
(42) 
where 13, with the gravity effects neglected, is given by: 
[ ( ) 1I13 1 J-cr Pf } ! 13 = 1 + { pf-pg - 2 
kmR ( Gx ) eq 
(43) 
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For given values of G and Gf, equations 42 and 43 may be solved to 
determine B and xeq· If the liquid film becomes thin, f3 must be 
replaced by f3' to account for the reduced mixing length. Levy (1980) 
reported that B is replaced by 81 such that 
S' = 1 + 12(8-1) form+ < 30 (44) 
+ where m is the nondimensional film thickness given by: 
(45) 
Finally the value of the mass transfer coefficient, km, must be deter-
mined. Walley (1976 ) correlated the experimental data in terms of 
the surface tension. This relation is shown in Figure 27. The 
correlation is reported by Katto (1982b) as follows, in m/s: 
k = 0.405 o0·913 
m 
for o < 0.0383 N/m 
k = 9.48 x 104 o4•70 for o > 0.0383 N/m 
m 
(46) 
In his study, Levy used the steam-water mixture tabulation developed 
by Wurtz. Table 1 shows the recommended values. 
Now that all terms are defined, the calculation for the CHF may 
proceed, but a boundary condition is required. Levy (1980) used a 
value of 0.8 for the void fraction at the onset of annular flow. 
Later, however, he showed that the final result is not very sensitive 
to this quantity. Table 2 presents this result. 
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TABLE 1 
MASS TRANSFER COEFFICIENTS FOR STEAM-WATER (Levy 1980) 
I 
Pressure p (bars) 30 50 70 90 
Mass Transfer Coefficient 
km (m/sec) 0.021 0.013 0.010 0.006 
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TABLE 2 
THE VALUES OF xCHF FOR DIFFERENT VALUES OF Gfi AND xi 
IN CASE WHERE G = 1000 kg/m2.hr AT 70 bars. (Levy 1980) 
Ghf g km 
= 10 
Ghf g km 
= 20 q q 
xCHF = 0.471 xCHF = 0.540 
xCHF = 0.471 xCHF = 0.541 
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The calculations are rather simplified in case of constant heat 
flux where the following equation lead to the solution: 
For uniform heating, the CHF condition is at the pipe exit, thus, 
and equation 47 yields 
dz 
dx = 
Substituting Equation 49 into Equation 35 and integrating gives 
= _Gh__,fg_ [ J x(D-E)dx]- G(x-x.) 
qCHF xi , 
( 47) 
(48) 
(49) 
(50) 
and setting Gf equal to zero, the critical steam quality, xCHF' may be 
found from the following equation: 
Ghf xCHF 
= G(xCHF - xi) - q 9 J (D-E)dx 
CHF x. , 
(51) 
The resu 1 ts show good agreement with the experimenta 1 data and 
with the widely used Biasi correlation. The results are not very 
sensitive to the starting value of the steam void fraction but 
extremely sensitive to the mass-transfer coefficient, km. The 
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solution shows that the mass transfer coefficient might be dependent 
upon the steam qua 1 i ty and the fl ow. The coefficient km increases 
with increasing steam quality and mass flow rates. The model reveals 
that the critical heat flux is vaporization controlled at low steam 
qualities and high heat flux and becomes deposition controlled at high 
steam qualities and low heat flux. 
For very high heat flux as qCHF ~ 00 Equation 51 reduces to 
Gf i 
= -G- + x. l 
(52) 
This equation implies a pure vaporization without any deposition or 
entrainment. 
In the case of nonuniform heat flux, the same solution technique 
is valid with more complicated mathematical steps. Equation 35 may be 
integrated to yield 
2 Jz 2 J z Gf - Gfi = R (D-E)dz - R ~ dz 
z. z. fg , , 
(53) 
The last term of the RHS of Equation 53 is equal to G(x-xi) and at any 
location z 
dx = £ _B_ 
dz R Ghf g 
At the critical location 
(54) 
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XC~ 
G(x-xi) - Ghfg f - (D - E)dx 
x. q 
1 
where q is a function of x obtained by integrating Equation 54. 
(55) 
If the term Ghfq/q in Equation 55 is small, the equation reduces 
to Equation 52, where the process is controlled by evaporation. 
Therefore, the local condition approach for critical steam quality 
becomes valid. 
Re.cently, Katto (1984b) analyzed the CHF based on the annular-
flow hydrodynamic model developed by Levy (1980). Katto studied the 
CHF prob 1 em in short tubes, where Levy 1 s mode 1 exhibits a quite-
di fferent character from that of experimenta 1 data. By introducing 
the concept of critical liquid film thickness (Haramura and Katto 
1983), Katto was able to predict the CHF for short tubes (Katto and 
Haramura 1983). The details of this study are not summarized here, 
since it is concerned with a very specific problem. 
This summary of forced-convective CHF is restricted to channel 
fl ow. Both the Harwe 11 mode 1 for dryout and the DNB mode 1 of Wei.sman 
and Pei (1983) are successfully applied ·to rod-bundle geometry, which 
is of interest to the nuclear industry. An excellent review of the 
a pp 1 i cat ion of these mode 1 s to rod bundle geometry is presented by 
Weisman (1985). 
CHAPTER IV 
TRANSIENT CONDITIONS IN NUCLEAR REACTORS 
Since the primary objective of the present study is to provide a 
better theoret i ca 1 understanding of the CHF during transient con di -
tions, . certain accident situations which result in thermal-hydraulic 
transients in nuclear reactors are summarized in this chapter. 
Accident Categories 
The American National Standards Institute divided Nuclear Power 
Plant Conditions into four categories according to their anticipated 
frequency of occurrence and potential radiological consequences to the 
public. The four categories, as cited by Croucher and Charyulu 
(1979), are as follows: 
a. Condition 1: Normal Operation 
b. Condition 2: Incidents of Moderate Frequency 
c. Condition 3: Infrequent Incidents 
d. Condition 4: Limiting Faults 
Condition 1 occurrences are expected frequently or regularly in 
the course of power operation, refueling maintenance, or maneuvering 
of the plant. Start up, power operation, shutdown, step-load changes 
up to 10 percent, and ramp-load changes up to 5 percent per minute are 
typical physical events in this category. 
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Condition 2 events are anticipated transients and may occur 
during a calendar year. Generator or turbine trip, loss of normal 
feedwater, loss of offsite power are examples for condition 2 events. 
Condition 3 events are likely to occur during the lifetime of a 
particular reactor, and these are also classified as anticipated tran-
sients. A complete loss of forced reactor coolant flow and minor 
secondary pipe breaks are typical examples for this type of events. 
Condition 4 faults are not expected to occur but are postulated 
beca~se of their severe consequences. They can result in a release of 
significant amount of radioactive material. Loss of coolant accidents 
(LOCA), fuel-handling accidents, reactivity-initiated accidents (RIA) 
and other anticipated transients without scram are condition 4 type of 
faults. 
The scram is defined as the most drastic form of automatic re-
sponse of the protection system, by causing the control rods to move 
rapidly into the reactor core to shut down the nuclear reaction. 
Figure 28 shows the decay power following the reactor scram. As it is 
seen in about 0.1 sec into the accident, the local power drops to less 
than 10 percent of the initial value. Therefore, the decay heat has 
little effect during the first few seconds of most accidents, and the 
power that has to be absorbed by the coolant consists mainly of the 
stared energy in the fue 1 rods on the onset of the ace i dent. In an 
ATWS event, however, in spite of a 11 the scram s i gna 1 s generated 
during the event, the control rods are not allowed to move into the 
core to terminate the nuclear operation. Operator intervention is 
allowed to begin 10 minutes after the initiation of the ATWS events. 
Therefore, the ATWS-type of accidents, although not very likely, are 
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important and dangerous occurrences in terms of nuclear reactor 
safety; and corrective measures are necessary. 
Table 3 and Table 4 show boiling water reactors (BWR) and pres-
surized water reactor (PWR) transient categories, respectively. Since 
all these transients can easily result in failure, necessary safety 
measures should be taken. Failure, as defined by Croucher and Loyd 
(1979), means that the fuel rod hermecity is lost and that the first 
fission product barrier (the cladding) has been breached. For LWR 
safety analyses, and in the licensing procedure, the fuel design 
limits require that: 
a. DNB does not occur. 
b. Oxidation of the total cladding thickness does not exceed 17 
percent. 
c. Cladding strain remains less than 1 percent. 
d. Fuel centerline temperature remains below the melting point. 
e. A coolable geometry is maintained. 
f. Fuel rod internal pressure remains below the system pressure. 
g. Internal moisture remains low. 
h. The peak cl adding temperature does not exceed 2200°F ( 1477°K) 
with no cladding collapse, and 1800° F (1255°K) with collapse. 
The standard Review Plan (Croucher and Loyd 1979) states that the 
occurrence of DNB does not necessarily constitute failure; but it is 
sufficient to cause the initiation of overheating and is the limiting 
criterion for the purpose of the present study. Although hypotheti-
ca 1, there are certain accidents which are of major concern to the 
nuclear community. Therefore, the determination of the CHF during 
these hypothetical accidents is an important task for nuclear safety 
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TABLE 3 
BWR TRANSIENT CATEGORIES (Croucher and Charyulu 1979) 
EPRl Event Frequency 
Categor~ (per year) 
1. Electric load Rejection 1.04 ± 1.67 
2. Electric load ·Rejection with Turbine Bypass 
Valve Failure 0* 
3. Turbine Trip 1.41 ± 1.89 
4. Turbine Trip with Turbine Bypass Valve Failure 0* 
5. Main Steam Isolation Valve Closure 0.67 ± 1.25 
6. Inadvertent Closure of One MSIV {Rest Open) 0.08 i 0.28 
7. Partial MSIV Closure 0.04 ± 0.20 
8. Loss of Nonnal Condenser Vacuum 0.67 ± 1.45 
9·. Pressure Regulator Fails Open 0.29 ± 0.71 
10. Pressure Regulator Fails Closed 0.14 ± 0.41 
11. Inadvertent Openins of a Safety/Relief Valve 
(Stuck) 0.20 ± 0.71 
12. Turbine Bypass Fails Open 0.40 ± 0.20 
13. Turbine Bypass or Control Valve Causes Increase 
Pressure (Closed) 0.51 ± 1.19 
14. Recirculation Control Failure-Increasing Flow 0.24 ± 0.75 
15. Recirculation Control Failure-Decreasing Flow 0.06 ± 0.24 
16. Trip of One Recirculation Pump 0.02 ± 0.14 
17. Trip of All Recirculation Pumps 0.06 ± 0.24 
18. Abnormal Startup of Idle Recirculation Pump O* 
19. Recirculation Pump Seizure 0* 
20. Feedwater-lncreasing Flow at Power 0.31 ± 0.68 
21. Loss of Feedwater Heater 0.02 ± 0.14 
22. Loss of All Feedwater Flow 0.27 ± 0.53 
23. Trip of One Feedwater Pump (or Condensate Pump) 0.20 ± 0.76 
24. Feedwater-Low Flow 0.43 ± 0.71 
25. Low Feedwater Flow During Startup or Shutdown 0.33 ± 0.72 
26. High Feedwater Flow During Startup or Shutdown 0.10 ± 0.37 
27. Rod Withdrawal at Power O* 
28. High Flux Due to Rod Withdrawal at Startup 0.04 ± 0.20 
29. Inadvertent Insertion of Rod or Rods 0.10 ± 0.31 
30. Detected Fault in Reactor Protection System 0.02 ± 0.14 
31. Loss of Offsite Power 0.16 ± 0.37 
32. Loss of Auxiliary Power (Loss of Auxiliary 
Transformer) 0.04 ± 0.20 
33. Inadvertent Startup of HPCI/HPCS O* 
34. SCRAM Due to Plant Occurrences 0.35 ± 0.78 
35. Spurious Trip Via Instr~-mentation, RPS Fault 1.16 ± 1.70 
36. Manual SCRAM-No Out-of-Tolerance Condition 0.27 ± 0.70 
37. Cause Unknown 0.02 ± 0.14 
* This transient has not occurred to date in a BWR. 
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TABLE 4 
PWR TRANSIENT CATEGORIES (Croucher and Charyulu 1979) 
EPRI Event Frequency 
Categorl'. (per year) 
1. Loss of RCS Flow (1 Loop) 0.19 :t 0.55 
2. Uncontrolled Rod Withdrawal 0.01 :t 0.09 
3. CROM Problems and/or Rod Drop 0.85 :t 2.68 
4. Leakage frodl Control Rods 0.04 :t 0.33 
5. Leakage in Primary System 0.08 ± 0.40 
6. High or Low Pressurizer Pressure 0.08 ± 0.31 
7. Pressurizer Leakage 0.04 ± 0.20 
8. Pressurizer Relief or Safety Valve Opening 0.02 ± 0.13 
9. Inadvertant Safety Injection Signal 0.03 ± 0.21 
10. Contair'lnent Pressure Problems 0.03 :t 0.21 
11. CVCS Malfunction-Boron Dilution 0.02 ± 0.13 
12. Pressure, Temperature, Power Imbalance 0.41 ± 1.16 
13. Startup of Inactive Coolant Pump O* 
14. Total Loss of RCS Flow 0.03 ± 0.18 
15. Loss or Reduction in Feedwater Flow 
(l Loop) . 0. 79 :t 1.80 
16. Total Loss of Feedwater Flow (All Loops) 0.07 :t 0.31 
17. Full or Partial Closure of MSIV (1 Loop) 0.26 :t 0.87 
18. Closure of All MSIVs 0.04 ± 0.30 
19. Increase in Feedwater Flow (1 Loop) 0.22 :t 0.73 
20. Increase in Feedwater Flow (All Loop) O* 
21. Feedwater Flow Instability-Operator Error o. 57 ± 1.43 
22. Feedwater Flow Instability-Miscellaneous 
Mechanical Causes 0.42 :t 1.03 
23. Loss of Condensate Pumps (1 Loop) 0.04 :t 0.24 
24. Loss of Condensate Pumps (All Loops) 0* 
25. Loss of Condenser Vacuum 0.10 ± 0.33 
26. Steam Generator Leakage 0.06 :t 0.30 
27. . Condenser Leakage 0.02 :t 0.13 
28. Miscellaneous Leakage in Secondary System 0.09 ± 0.45 
29. Sudden Opening of Steam Relief Valves 0.05 :t 0.29 
30 Loss of Circulating Water 0.06 ± 0.27 
31. Los·s of Component Coo 1 i ng 0.01 ± 0.09 
32. loss of Service Water System O'* 
33. Turbine Trip, Throttle Valve Closure, 
EHC Problems 1.19 :!: 1.77 
34. Generator Trip or Generator Caused Faults 0.36 ± 0. 71 
35. Loss of Station Power 0.27 :t 0.61 
36. Loss of Power to Necessary Plant Systems 0.18 :t 0.53 
37. Spurious Auto Trip-No Transient Condition 1.69 :t 2.44 
38·. Auto/Manual Trip Due to Operator Error 0.25 :t 0.54 
39. Manual Trip Due to False Signals 0.04 :t 0.20 
40. Spurious Trips-Cause Unknown 0.09 :t 0.43 
41. Fire Within Plant 0.03 :t 0.21 
* This transient has not occurred to date in a PWR. 
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analysis. The hypothetical accidents which manifest the major threat 
to nuclear safety are: 
a. Loss of Flow Accidents (LOFA). 
b. Loss of Coolant Accidents (LOCA) 
c. Reactivity Initiated Accidents (RIA) 
The characteristics of these relatively fast accident scenarios are 
explained in the following sections. 
Characteristics of LOCA 
The loss-of-coolant accident (LOCA) usually results from a breach 
in the primary system. The LOCA is also referred to as blowdown or 
rapid depressurization. A hypothetical LOCA in a water reactor result 
in a flow discharge at the break location and a rapid depressurization 
in the primary system. The LOCAs are usually classified depending 
upon the break size. If the ratio of the break size to pipe cross-
sectional area is on the order 1 or over, the accident is named large 
break loss-of-coolant accident (LBLOCA). If the ratio is around 0.25 
and less, it corresponds to a small-break loss-of-coolant accident 
(SBLOCA). The intermediate range is classified as intermediate-break 
loss-of-coolant accident (IBLOCA). Most of the work in the area of 
transient CHF has focused on LBLOCA. This may be due to the fact 
that, although very unlikely, a hypothetical LBLOCA results in the 
most rapid and severe thermal-hydraulic transient, especially in a 
pressurized water reactor (PWR). 
A doubJe-ended guillotine pipe break (200 percent break) in the 
inlet pipe (cold leg) of a PWR is shown in Figure 29. The fluid 
1nitially undergoes depressurization and reaches the saturated state; 
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this period is denoted as the subcooled blowdown. Since the cold-leg 
break allows a rapid depressurization of the lower plenum, a bidirec-
tional flow configuration with fluid emptying at both ends of the 
reactor core will result. This will cause a CHF on the fuel rods as a 
result of liquid depletion. For a hot-leg break, however, the flow 
reversal does not occur. 
A 1 though, in tenns of transient CHF analysis, most emphasis is 
placed upon LBLOCAs, certain IBLOCA and SBLOCA experiments have also 
been conducted. However, in these experiments, the CHF behavior is 
generally of secondary importance, and the major concern is the 
thermal-hydraulic response of the system. 
E~perimental Studies 
Major blowdown experiments have been performed in the following 
experimental facilities within the U.S.A.: 
Semiscale Program-INEL (Idaho Falls, Idaho) The Semiscale Mod-1 
system (with lt loop) is a small scale, electrically heated model of 
four-loop PWR. The core contains 40 rods with a total heated length 
of 1.67 meters. The power steps provide an inlet-skewed axial-power 
shape. The following test series were within the interest of a LOCA 
study: Slowdown Heat Transfer Tests (Test Series 2), Steam Generator 
Tube Rupture Test (Test Seri.es 29), Special Tests (Test Series 29), 
LOFT Counterpart Tests (Test Series 6). The Semi scale Mod-2A is a 
2-loop model of PWR. The core contains 25 electrically-heated rods 
with 3.66 m of heated length. Experiments on intermediate and small-
break LOCA 1 s were conducted in this system. The Semiscale Mod-3 is 
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again a 2-loop model, with 25 electrically heated 3.66 m long rods. 
The rods simulate a symmetric chopped-cosine power profile. Slowdown 
data for test series 7 were obtained from Semiscale Mod-3. 
Thermal Hydraulic Test Facility-THTF (Oak Ridge, Tennessee). The 
thermal-hydraulic test facility has an electrically heated core with 
49 full-length (3.66m) rods. The axial power profile simulates a 
symmetric chopped-cosine function. Test series 100 consists of 6 
blowdown tests. 
Power Burst Facility-PBF (INEL, Idaho Falls, Idaho). The tests were 
conducted with four separately-shrouded nuclear fuel rods with an 
active length of 0.91m. The power has a skewed chopped-cosine pro-
file. Tests series LOC-11 were conducted to investigate a PWR 200 
percent cold-leg break. 
CE/EPRI Bl owdown Program (Combustion Engineering/Electric Power Re-
search Institute at Columbia University-New York, New York). The test 
program emphasizes the hydraulic simulation of large, double-ended 
cold-leg breaks. The addition of an exit break area was also studied. 
The blowdown tests were conducted in the Columbia Rod Bundle Test 
Facility, where the system contains a 5 x 5 electrically-heated rod 
bundle. The axial-power profile is uniform. The heated length is 
1.68 m. 
LOFT Simulated Slowdown Program (Columbia University-New York, New 
York). The tests were conducted in the Columbia Rod Bundle Test 
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Facility of the University of Columbia. Therefore, the core design is 
the same as the CE/EPRI Slowdown Program. 
J-Loop (Westinghouse). The facility is a single-loop simulation of a 
typical PWR system, containing a 5 x 5 bundle of electrically-heated 
rods. The rods have full length (3.66m). Supplementary auxiliary 
systems permit the flexibility to conduct both system-response blow-
down tests and controlled heat-transfer studies. The effects of the 
following parameters have been tested in this program: pressure for 
constant pressure transients, depressurization rate, initial pressure 
for depressurization-type transients, flow rate, flow decay rate, 
inlet enthalpy, power, and flow direction. The program also includes 
tests designed to investigate the Griffith simple voiding theory 
(Smith 1976) and the Henry spontaneous nucleation theory (Henry 1977). 
Freon Slowdown Test Facility (Argonne National Laboratory). This is a 
small-scale apparatus. The test fluid is Freon-11. Three electri-
cally-heated test sections are used. A number of inlet and exit-break 
transients are conducted. 
Blowdown CHF Models 
The Slifer-GE correlation (Slifer 1971), although based on 
steady-state data, was subsequently adopted as a transient CHF corre-
lation for BWR analysis by the commission acceptance criteria. The 
correlation is given in Appendix A. 
Segev and Sankoff (1976) have proposed three models for blowdown 
CHF: 
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a. The multiple-bubble fast CHF model, 
b. The bidirectional annular-flow model, and 
c. The vapor-film model. 
In the multiple-bubble fast CHF model, it is suggested that the 
CHF occurs because of the close packing of bubbles on the wall where a 
superheated liquid layer exists. This is the "near wall bubble crowd-
ing" CHF mechanism analyzed by Weisman and Pei (1983). 
In the bidirectional annular-flow model, the core voidage is 
found to be strongly dependent on heat flux but much less on the rate 
of depressurization. The resultant differential equation for the 
voiding rate is obtainable. 
The third approach, the vapor-film model, incorporates a modifi-
cation of the Kutatelatze pool-boiling CHF criterion (Kutateladze 
1963). This model uses the perfect gas law to predict the pressure at 
CHF. Therefore, the time to CHF can be estimated knowing the depres-
surization rate. 
Hsu and Beckner (1978) proposed a transient CHF correlation which 
can handle both DNB and Dryout types for wide ranges of flow rates and 
pressures. This correlation is also given in Appendix A. 
Mayinger and Belda (1974) proposed a simple model to estimate the 
time to CHF in a BWR system. Their final result, using a linear 
depressurization-rate transient, is given by a transcendental equa-
tion. 
An elementary voiding theory was proposed by Smith and Griffith 
(Smith 1976). The time to CHF is considered to be simply the time 
required to increase the enthalpy of the initially subcooled liquid to 
the enthalpy of saturated vapor (x = 1.0). This simple model gives 
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very conservative results when compared to experimental data (Westing-
house 1982). 
Henry and Leung (1977) proposed a model to predict the regions of 
the core which may experience limited efficient cooling during a PWR 
LOCA. The model suggests that the surfaces which experience fully-
deve loped subcooled boiling during steady-state conditions will 
experience extended cooling during blowdown, due to their ability to 
provide preferred nucleation sites which can increase the heat removal 
capability by nucleate boiling. On the other hand, the surfaces which 
are mainly cooled by single-phase convection during steady-state will 
be unable to activate the nucleation sites until the surface tempera-
ture rises to a level of stable vapor blanketing via a spontaneous 
nucleation mechanism. This model is successful in predicting the 
experimenta 1 observations; it a 1 so exp 1 a ins the better coo 1 i ng and 
longer time to CHF with reduced pressures, which was observed in the 
Semiscale experimental program. Validity of the theory has also been 
observed in the J - Loop Test Facility (Westinghouse 1982). 
Characteristics of LOFA 
The loss-of-flow accidents are characterized by a rapid reduction 
in the coolant mass-flow rate. It is usually due to a loss of power 
in one or more of the primary pumps. 
LOFAs are not as widely investigated as LBLOCA, possibly due to 
the fact that they resu 1 t in a s 1 ower transient. There have been 
several experimental investigations, however there is not yet a 
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theoretical model developed for CHF analysis in loss-of-flow accidents 
(LOFA). 
Experimental Studies 
Maxon-Edwards Test, SGHW Prototype Reactor - England (Maxon 1967). A 
series of experiments were carried out with forced convention, using 
water at 1000 psi. Four different test sections were used: uniformly 
heated tubes of 6 and 12 ft. 1 engths and uniformly heated 37-rod 
cluster of 12 ft. heated length. The flow transients were initiated 
by tripping the circulating pump. The pressure was held constant 
during the transient, and an exponential inlet flow decay was 
simulated. 
Cumo's Tests, CISE - Italy (Cumo 1977). These were Freon-12 experi-
ments conducted at equivalent PWR and BWR pressures. The test section 
was a uniformly heated round tube, and tests simulating exponential-
flow decay were conducted. 
Roumy Tests, CEA, Grenoble - France (Roumy 1974). Flow transient 
tests were conducted at constant pressure. The test section was a 
uniformly heated round tube. 
ANL-Freon Slowdown Test Facility (Angonne National Laboratory). This 
test facility is described in the preceding section for blowdown test 
facilities. 
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J - Loop (Westinghouse) This test facility is also described in the 
preceding section for blowdown test facilities. 
Characteristics of RIA 
The rapid insertion of excess reactivity into a light water 
reactor ( LWR) is recognized as one of the most dangerous accident 
situations, and it is classified as a reactivity initiated accident 
(RIA). To minimize the damage due to this type of an accident, there 
a re some design requirements imposed on react iv i ty-contro 1 sys terns. 
These requirements imposed by the USNRC limit, are cited by MacDonald 
et al, (1980) as: 
11 The potential amount of reactivity increase to assure that the 
effect of postulated reactivity accidents can either (1) result in 
damage to the reactor-coolant pressure boundary greater than limited 
local yielding, (2) sufficiently disturb the core, its support struc-
ture, or other reactor-pressure vessel interals to impair signifi-
cantly the capability to cool the core. 11 
Worst case RIAs in commercial LWRs are postulated to result from 
the rapid removal of control-rod elements from the reactor core. In a 
PWR, a severe RIA might be caused by rupture of a control-rod drive 
mechanism, housing or control-rod drive nozzle, which results in a 
coolant-system pressure ejecting an inserted control rod from the 
core. In a BWR, a worst case RIA could be caused by the separation of 
an inserted control-rod drive from its cruciform control blade, the 
sticking of the control blade in the inserted position as the rod 
drive is withdrawn, and the rapid falling of the control blade to the 
·withdrawn rod drive position. 
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Based on the review of fuel behavior experimental data prior to 
1974, the NRC required that the LWRs operated within the United States 
must be designed such that the worst-case RIA will not result in a 
radial-average fuel enthalpy greater than 280 cal/g uo2 at any axial 
location in the fuel rod. Much of the applicable pre-1979 RIA fuel-
behavior experimental data were obtained in the SPERT (Capsule Driver 
Core) and TREAT test programs. Energy deposition and the resulting 
enthalpy increase in the test fuel was found to be the most important 
independent variable. Several test-rod designs indicated that the 
incident failure th res ho 1 d has a stronger dependence on the energy 
depos i ton near the fuel surface than on the radi a 1 average energy 
deposition. 
LWR fuel behavior during a severe RIA is characterized by an 
extremely rapid increase in , temperatures. The fuel and the cladding 
temperatures become very high in relatively short periods of time. To 
illustrate the results of a severe RIA, the FRAP-TS program is used. 
The calculations for 260 cal/g uo2 peak-fuel enthalpy are shown in 
Figure 30. This figure represents the test power and the FRAP-T5 
calculated-cladding surface, fuel surface, fuel centerline and peak-
fuel temperatures during the first 300 msec of the transient. The 
figure also shows that the peak rod power reaches a value of 30,000 
kW/m within 35 msec of the initiation of the transient. The fue 1 
temperature rises very rapidly . with the peak-fuel temperature (at a 
radial position near the fuel surface) reaching the uo2 melting point 
(3100 K) within about 50 msec after initiation of the transient. 
In order to further investigate the RIAs, to determine the fuel-
.failure th res holds, modes, and consequences as a function of energy 
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deposition, irradiation history and fuel design, RIA tests series have 
been conducted in the INEL Power Burst Facility (PBF). In these 
experiments, nuclear fuel pellets were used as heating elements. Each 
fuel rod was inserted in a shroud, and each test had 4 shrouds. The 
heated length of fuel rods was 3 ft. and simulated a chopped-cosine 
power distribution. 
Since the heat flux increases very rapidly, it is very likely 
that the CHF mechanism during an RIA is "near wall-bubble crowding and 
vapor b 1 anketi ng." This is confirmed by power-transient experiments 
conducted by electrical heaters. A detailed summary of these experi-
ments and a theoretical analysis of power transients are presented in 
Chapter VIII. 
CHAPTER V 
QUASI-STEADY APPROACH 
The transient convection problem is one of the most challenging 
heat transfer problems. The difficulty in the transient convection 
problem arises because of its conjugate nature, i.e., the field equa-
tions in the fluid and the heat diffusion equation in the solid must 
be solved simultaneously, and the solutions must be coupled at the 
solid-fluid interface. 
Even the simpler single-phase transient convection problem has 
been the subject of many ana lyti cal and experimental studies. The 
studies of Siegel (1963), Siegel and Perlmutter (1963), Adams and 
Gebhart (1964), Soliman and Johnson ( 1998), Sparrow and De Farias 
(1968), Koshkin et al. (1970), Sucec (1975), Kawamura (1977), Dorfman 
(1977), and Sucec (1981; 1985) are some examples of the transient 
single-phase convection problem. A review of these studies show that 
most of them use the so-called quasi-steady approach. There are 
experimental studies presented within the literature which try to set 
an empirical criterion for the application of the quasi-steady 
approach. The studies of Siegel (1960), Sparrow and Siegel (1960), 
Kawamura (1977), and Sucec (1981) are good examples of such attempts. 
In these studies various correlations are developed to determine the 
minimum time required to reach the quasi-steady conditions. 
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The so-called quasi-steady approach provides an approximate 
solution to the transient convection problem. It uses the steady-
state convection heat transfer correlation applied on an instantaneous 
basis. To apply this approach, the local instantaneous values of the 
transient parameters are computed, and these va 1 ues are used in a 
steady-state convective heat transfer correlation. Thus, the local 
instantaneous value of the convective heat transfer coefficient is 
determined and, in turn, used to so 1 ve the heat diffusion equation. 
The studies of Kawamura {1977) and Sucec (1981) show that the quasi-
steady approach may be valid if the heat capacity of the solid is much 
greater than the heat capacity of the fluid. This means that the 
response time of the fluid (convective time constant) is much smaller 
than the response time of the wall. If this condition is satisfied, 
then the quasi-steady approach is valid. 
The popu 1 a rity of the quasi-steady approach to the transient 
convection problem stems from the fact that the steady-state convec-
tion problem has received extensive study. As a result, there are 
many correlations to estimate the steady-state convective heat trans-
fer coefficient, as opposed to few (if any) transient convection 
correlations. But, as mentioned above, the quasi-steady approach is 
not always valid, and there are strict restrictions upon the use of 
such an approach. In the case of two-phase convection, these restric-
tions become even tighter. This is due to the fact that the time 
constant of two-phase convection is greater than the time constant of 
the single-phase convection, since the initiation, growth and 
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departure of the bubble require additional time. Therefore, the 
response time of the fluid during boiling heat transfer is greater 
than the response time of the single-phase fluid. 
Mathematically, the total rate-of-change of the surface heat flux 
must be examined (Nelson and Duffy 1984) to determine when the quasi-
steady approach becomes valid. For instance, the surface heat flux 
may be mathematically expressed in terms of the two-phase flow para-
meters, as 
q = q (t, P, G, x, etc.) (56) 
and the total derivative of the heat flux with respect to time is 
given by: 
dq/dt = (aq/at)P,G,x + (aq/aP)t,G,x (dP/dt) 
+ (aq/aG)t,P,x (dG/dt) (57) 
+ (aq/ax)t,P,G (dx/dt) + ••• 
If (aq/at)p G ~ 0, then the quasi-steady conditions are satisfied, 
' ,x 
and the surface heat flux may be determined through an appropriate 
steady-state correlation as 
q(t) = qss [ P(t), G(t), x(t), etc.] ( 58) 
On the other hand, if (aq/at)P,G x is not zero, then the quasi-steady 
approach is no longer valid, and a transient convective heat flux 
correlation must be developed as given in Equation 56. Obviously, for 
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a transient problem aq/ at is never zero, but may be neglected when 
compared to the other terms of Equation 58, which then justifies the 
quasi-steady approach. If the wall responds slowly to any change in 
the convective parameters, then the term aq/at will be small. On the 
other hand, if the fluid responds rapidly, then the additional terms 
of Equation 58 will be large compared to aq/at. Therefore, during the 
transient, the respond time of the wall being large is a necessary but 
not sufficient condition to justify the quasi-steady approach. In 
conjunction with the slow response of the wall, a fast response from 
the fluid is required. 
When the problem is analyzed from this point of view, the appli-
cabil ,itY of the quasi-steady approach needs to be discussed in 
conjunction with the time and space averaging operators used in 
two-phase flow problems, as observed by Nelson and Duffey (1984). In 
the fo 11 owing sec ti on, a brief description of time and space averaging 
operators is given. 
Time and Space Averaging Operations in Two-Phase 
Flow Problems 
The necessity of time and space averaging operation in two-phase 
flow problems is dictated by the time and space averaged two-phase 
flow field equation. An excellent review of the development and the 
use of these equations is given by Delhaye (Bergles 1981). These 
equations are not repeated here~ Instead, the definitions of time and 
space averaging operators, as applied to surface heat flux, are given. 
If the local-instantaneous value of the surface heat flux is 
denoted by qi , the area averaged instantaneous heat flux may be 
x 
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obtained as 
(59) 
The major question in the area averaging operator is how large an area 
is required for a meaningful average. This area, denoted by A*, must 
be large enough to include a sufficient number of the basic phenomena 
which control the convective heat transfer process. To illustrate 
this, the example of nucleate pool boiling over a flat surface may be 
examined. As shown in Figure 31, the minimum area must contain a 
sufficient number of active nucleation sites, so that it contains 
bubbles at different states involving initiation, growth, departure or 
collapse of the bubbles. If the area chosen is smaller than A*, then 
the area averaging cannot give meaningful results. For example, if 
the first half of the area A* in Figure 31 is used, the area averaged 
heat flux will be higher than the value averaged over A*, because this 
averaging process does not include the effect of departure and single-
phase convection on the surface heat flux. To further understand this 
concept, a<qi>/aA must be examined. This derivative may be written in 
the limit form as 
(60) 
where 6A represents an arbitrary increment in the area. If A* is the 
minimum area for a meaningful averaging operation, then a<qi>/aA = 0. 
Thus 
(61) 
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Figure 31. Area Averaged Heat Flux in Nucleate Boiling 
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for a finite consideration. Therefore, as long as an area larger than 
or equal to A* is chosen, it is of sufficient size to include a 
statistically sufficient number of basic phenomena. 
The area-averaged surface heat flux is used in the volume-
averaged two-phase flow energy equation, as shown by Delhaye (Bergles 
1981). Delhaye (Bergles 1981) also shows that for certain problems, 
an area averaged energy equation may be required. In this case, the 
surface heat flux enters the equation as a 1 i ne-averaged quantity. 
Two-phase duct fl ow is an examp 1 e of such a prob 1 em where area-
averaged fie 1 d equa ti ans a re used, because cons i derab 1 e changes may 
occur in the axial direction. In this problem, the heat flux must be 
averaged over the perimeter of the duct. Similar to the discussion 
about area-averaging, a minimum length is required for a meaningful 
line average. 
Similar to area-averaging, a time-averaging operator may be 
applied to local-instantaneous heat flux in the following fashion: 
q!S = (1/flt) (62) 
As an analogy to a minimum area required for a meaningful-area 
average, there is a minimum time period denoted by flt*, over which the 
instantaneous values of the surface heat flux must be averaged. flt*, 
1 i ke A*, must contain a sufficient number of the peri ads of the 
contra 11 i ng phenomenon in the boi 1 i ng process. Going back to the 
example of steady-state pool boiling, flt* must contain a sufficient 
number of bubble initiation, bubble growth, and bubble departure (or 
collapse) periods. This is shown in Figure 32. Although not 
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Figure 32. Time Averaged Heat Flux in Nucleate Boiling 
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quantified, figures 31 and 32 are drawn in accordance with the study 
of Yu and Mesler (1977) and Subbotin et al. (1974). If 6t' denotes 
the sum of bubble initiation, growth and departure periods in steady-
state saturated pool boiling, then 
6t* = n* 6t' (63) 
for a meaningful time average. For more insight into 6t*, aq~/at must 
be examined in the integral form 
= lim (l/6t) [ J q~dt - J q~dt] 6t-+0 6t*+6t - 6t* (64) 
If 6t* is large enough, the above averaging equation is independent of 
6t (aq /at = 0) and Equation 64 yields, from a finite consideration 
x 
f q! dt = (65) 
6t*+6t -
In the two-phase flow field equations, the time-averaged surface heat 
flux is used as a boundary condition, as noted by De 1 haye {Berg 1 es 
1981). 
Usually, in two-phase flow problems, the time and space averaging 
operators are used together • . Delhaye (Bergles 1981) shows that the 
order of application of the averaging operators does not make any 
difference. From an experimental point of view, the necessity of 
using both operators arises because of the instrumentation in 
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measuring true local-instantaneous heat fluxes. The two-averaging 
operators may be related through the ergodic hypothesis (Tien 1978). 
The ergodic hypothesis states that if the phenomenon occurring at each 
point on the surface is a random occurrence relative to all other 
points, then the space average of any property is the same as the time 
average of that property for a single point. But, for the nucleate 
boiling example, the random occurrence is questionable. In the 
isolated bubble region, the bubbles grow at preferred nucleation sites 
but not at a random point over the surface. At fully-developed 
nucleate boiling, the bubbles grow and depart (or collapse) at a 
specific distance from each other, determined by the Taylor wave-
length. The random occurrence in time is also physically incorrect, 
s i nee the bubb 1 es fo 11 ow a certain frequency to grow and depart (or 
collapse). Therefore, necessity of using time and space-averaged 
operations simultaneously arises not only due to experimental restric-
tions, but also due to theoretical considerations. 
However, from the previously considered examples of nucleate 
boiling, the time and space averaging operator may be inter-related. 
For example, if the area is chosen large enough to include many 
nucleations sites (or a number of Taylor instability wavelengths in 
fully-developed boiling), then the time required for time avera.ging 
operation may be minimized. The minimum time period may not be equal 
to zero, since there is no guarantee that the number of bubbles at 
different stages of growth is uniformly distributed over the area, no 
matter how large an area is used. But, if the area is large enough n* 
in Equation 63 may be reduced to 1, meaning that one period including 
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the initiation, growth and departure (or collapse) will be enough for 
meaningful averaging. 
In the present study q is used as the time-and space-averaged 
quantity, unless otherwise specified. It is used as synonymous to the 
quantity < q >, obtained through the following operation: 
< q > = (1/~t*)(l/A*) 
~t* A* 
i dA dt 
x 
(66) 
The average notations in the other chapters of the study are dropped 
for simplicity. 
Effect of the Averaging Operators on the Quasi-Steady Approach 
Since the present study is basically concerned with the transient 
convection problem in two-phase flow, the time-averaging operator is 
dominant in the analysis. The inherent assumption is that the prob-
1 ems considered here are of 1 arge geometry, so the geometry effects 
are neglected in the time-averaging process. Therefore, even during 
the transient, a meaningful area averaged heat flux can be obtained. 
Then the question of interest is, "What happens if there is a 
drastic change in the area-averaged heat flux or in one (or more) of 
the area-averaged parameters affecting the area-averaged heat flux 
during the minimum time period ~t*?" Since the fluid cannot respond 
to this change within this· period, the criterion for quasi-steady 
approach is demo 1 i shed. The change in the parameter and the fluid 
response to this change is schematically shown in Figure 33. In the 
first half of the curve, the parameter is changing quite rapidly over 
the time period ~t*, and the fluid response is considerably lacking. 
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Therefore, the quasi-steady approach in this region is not possible, 
according to the criteria set. On the second ha 1 f of the curve, 
however, the parameter is changing slowly and the fluid response is 
closer to the transient curve, in which case the quasi-steady approach 
may be possible. For the case of nucleate boiling, for instance, if 
the surface temperature of the heater is suddenly increased, the 
bubble which is originally at the surface must depart before the fluid 
can adjust itself to the new surface conditions. In reality, even the 
departure of one bubble is not enough; then some additional time is 
required for the temperature profile within the fluid to readjust. 
Therefore, if there is a rapid change in one of the parameters 
during the time constant of the convective fluid, the fluid may not 
sense this change as rapidly, and the quasi-steady approach is not 
valid. From this point of view, the time constant of the convective 
fluid is equivalent to the minimum time over which the convective 
properties of the fluid are averaged. 
CHAPTER VI 
QUASI-STEADY APPROACH FOR TRANSIENT CHF 
Based on the discussion of the previous chapter, it can be con-
cluded that the critical heat flux (CHF) may be determined by a quasi-
steady approach during transient conditions, if the rate-of-change of 
the transient parameter is slow as compared with the response time of 
the two-phase fluid. Unfortunately, the transient CHF problem has, in 
general, been restricted to quasi-steady treatment without considering 
whether or not the above condition is satisfied. 
This fact is due to the complex nature of the CHF problem, which 
does not eas i 1 y surrender to an ana 1 yt i ca 1 approach. Thus, most of 
the correlations used in determining the CHF in nuclear reactors are 
either empirical or semi-empirical, and they are usually based on 
steady-state, (or quasi-steady) CHF data. Since there is no transient 
CHF correlation developed over a wide range of data, the transient CHF 
may only be estimated by applying the steady-state CHF correlations 
through the quasi-steady approach. 
The so-called quasi-steady approach in determining the CHF may be 
summarized as follows: 
a. The local-instantaneous values of the CHF parameters are computed 
at a given axial location for a given time. Although these 
values are referred to as local-instantaneous, they are still 
average values, and they are averaged over the cross-section of 
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the channe 1 as we 11 as over the time-increment of the computer 
program. 
b. These values of CHF parameters are used in a steady-state CHF 
correlation to determine the corresponding CHF. 
c. The local-instantaneous value of the surface heat flux is also 
determined. Here the heat flux is also averaged over the peri-
meter of the channel and over the time increment of the computer 
program. Therefore, in items (a) and (c), local means the axial 
location and instantaneous means within the frame of the time 
increment of the computer program. 
d. Finally, the ratio of the local-instantaneous heat flux to the 
CHF is computed. If the ratio is greater than 1, it means there 
is no CHF at that axial point. If the ratio is 1, it means CHF 
has just occurred, and if the ratio is smaller than 1, CHF has 
been exceeded. 
The quasi-steady approach, as described above, is currently being 
used in all the system codes employed in the nuclear industry. The 
TRAC, RELAP, FRAP and COBRA codes are such examples. In the present 
study, the author used a simpler computer program, CODA, developed by 
Leung and Gallivan (1980). The details and a listing of the CODA code 
are given in Appendix B. 
Using the CODA code Leung (1980) compared the result of eight 
steady-state CHF correlations to the data collected from flow-tran-
s i en ts and b 1 owdown tests. Tab 1 e 5 shows the data-base of Leung 
(1980). The same blowdown data, with the exception of ANL and CE/EPRI 
single-tube test results, have been compared to some additional CHF 
correlations by Lo (1984) at Argonne National Laboratory (ANL) and by 
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TABLE 5 
EXPERIMENTAL DATABASE OF LEUNG (1980) 
Facility and Test No. Reference 
1. Flow Transients 
Maxon-Edward (AEEW) . 
Cumo (CISE) .•... 
Roumy (CEA Grenoble) 
ANL . . . . • . 
• • (Maxon 1967) 
. (Cumo 1977) 
.• (Roumy 1974) 
• (Leung 1980) 
2. Slowdown Tests 
ANL Single tube ............... (Leung 1980) 
CE/EPRI Single tube ....••....... (Guerrero 1976) 
CE/EPRI 5 x 5 Rod bundle . . . . . . . (Hsia 1977) 
LOFT Columbia loop 5 x 5 rod bundle . . • (Gottula 1978) 
PBF LOC-11 (PWR fuel in shroud tube). . . (Buckland 1978) 
ORNL THTF 7 x 7 rod bundle 
Test 105 (40% inlet-60% outlet) (Clemons 1977) 
Test 104 (50% inlet-50% outlet) •• (Leon 1978) 
Test 178 (32% inlet-28% outlet) . (Craddick 1976a) 
Test 181 (20% inlet break) ....... (Craddick 1976a;b) 
Test 177 (INEL code verification). . (Craddick 1980) 
INEL Semiscale MOD-1 40 rod bundle 
Test S-02-1 (hot-let break) .•• (Crapo 1975) 
Test S-02-9 (baseline series) .• (Crapo 1976) 
Test S-29-2 (reduced pressure) ..•.. (Crapo 1976 a;b) 
Test S-28-1 (steam generator tube rupture (Collins 1975) 
Test S-06-6 (LOFT counterpart) . . . (Esparza 1977) 
INEL Semiscale MOD-3 25 rod bundle 
Test S-07-3 (baseline series) •• (Gillins 1978) 
Test S-07-9 (baseline series) .• (Miyasaki 1979) 
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Gunnerson, Pasamehmetoglu and Hosler (Gunnerson 1984) at the Univer-
sity of Central Florida. All the correlations compared to the blow-
down data base are given in Table 6. 
CODA Prediction of Flow Transients Data 
The flow transient data have not been compared to CHF 
correlations by the author. Here, the results of Leung (1980) are 
summarized. 
Maxon and Edwards' Tests 
These are exponential flow decay experiments. In some experi-
ments the flow decay is also accompanied by a power burst. Maxon and 
Edwards (1967) reported that their prediction of the time-to-CHF 
(tCHF) was too early in all the experiments, compared to the experi-
mental results. This indicates that the predicted CHF, by using the 
quasi-steady approach, is lower than the measured CHF. The discrep-
ancy increases for faster transients. 
Leung's study (1980) shows that the rapid CHF, which results from 
high initial heat fluxes and fast transients, is significantly over-
predicted by the Biasi correlation and significantly underpredicted by 
Bowring, CISE correlations and Walley's theoretical model (1978b). 
The best results are obtained for slow CHF by using the Bowring 
correlation; Biasi correlation slightly overpredicts the data. 
Wa 11 ey' s ana 1 yt i ca 1 mode 1 underpred i cts the CHF by 0. 4 sec even for 
slow CHF. This result seems to be in contradiction with Collier's 
(1981) statement. According to Collier (1981), the results of Wal-
ley' s prediction in the Maxon-Edwards tests are exce 11 ent. Results 
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TABLE 6 
CHF CORRELATIONS COMPARED TO SLOWDOWN TEST DATA 
Biasi (Biasi 1967) 
Local Barnett (Barnett 1966) 
Bowring (Bowring 1972) 
CISE (Bertoletti 1965) 
B & w - 2 (Gellerstedt 1969) 
w - 3 (Tong 1968 a) 
Griffith-Zuber ( Griffith 1977) 
Modified Zuber (Smith 1976) 
GE (Slifer 1971) 
Condie Mod - 7 (Condie 1978) 
Hsu - Beckner (Hsu 1978) 
BWC (Lo 1984) 
LOFT (Eide 1977) 
CE - 1 ( CENDP 1977) 
Savannah River (Knoebel 1973) 
Kat to (Katto 1978 through 1982) 
EPRI (Columbia University 1982 and 1983) 
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of the CHF prediction in the Maxon-Edwards test data are shown in 
Figure 34. 
Roumy's Test 
These tests were conducted at constant pressure and constant 
power. In the first test, the time to CHF is predicted (Leung 1980) 
by CISE, Biasi and Bowring correlations to within 0.1 second. The 
results are shown in Figure 35. In the second test, however, n·either 
one of the above correlations predicted the time to CHF correctly. 
Actually, the correlation predicted no CHF, as shown in Figure 36, 
although the CHF is experimentally observed at 0.97 sec into the 
transient. According to Leung (1980), the incapability of predicting 
the CHF in this test is due to the discrepancy found in correlating 
the steady-state CHF data by the various correlations. 
Cumo's Tests 
These are exponential flow-decay tests at equivalent BWR and PWR · 
pressures in a Freon-12 system. The CISE-Freon Correlation (Cumo 
1972) is used to predict the CHF. · The comparison of the measurements 
from the first 10 tests with the prediction of the corre 1 at ion show 
very good agreement (Leung 1980). But, Cumo et a 1. ( 1978) reported 
that for fast transients a correction factor must be superimposed on 
the correlation. The study of Cumo et al. (1978) will be further 
discussed in the next chapter. 
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Figure 34. CHF Predictions in Maxon-Edwards Test (Leung 1980) 
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Figure 36. CHF Predictions in the Second Roumy Test (Leung 1980) 
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ANL Flow Transient Tests (Leung 1980) 
The working fluid in these tests is Freon-11. In most tests a 4 
percent linear flow decay is used. These are relatively slow tran-
sients and the comparison between calculated and measured time-to-CHF 
values is quite good. The CISE-Freon correlation is again used for 
comparison. 
CODA Prediction of Slowdown Data 
In this section, the results of blowdown experiments shown in 
Table 5 (with the exception of CE/EPRI and ANL Single-Tube Tests) are 
compared to steady-state CHF correlations shown in Table 6. This 
section summarizes the study of Leung (1980), Lo (1984), and the 
supp 1 ementary study conducted at the University of Centra 1 Florida 
(Gunnerson 1984). The i ni ti a 1 conditions of these experiments are 
shown in Table 7. 
CE/EPRI 5 x 5 Rod Bundle Test (Hsia 1977) 
An inlet break was simulated, and no CHF was detected during the 
test. All the studied correlations were successful in predicting no 
CHF, except Savannah River, BWC, and Katto Correlations. 
LOFT Columbia Loop 5 x 5 Bundle Test (Gottula 1978) 
In this experiment, a double-ended guillotine break was simu-
lated. The power was kept constant during the experiment (no scram). 
CODA's CHF prediction is summarized in Figure 37. As seen in Figure 
37, quite a number of correlations were successful in predicting the 
· data, including the x = 1 criterion. The latter condition is an 
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TABLE 7 
INITIAL CONDITIONS OF LOSS-OF-COLLANT EXPERIMENTS (Leung 1980) 
INLET MASS 
PRESSURE TEMPE- FLOWRATE 
FACILITY TEST Mpa RATURE kg/s 
c 
CE/EPRI (5 x 5) BHT-25 13.7 296 9.3 
(Uniform Axial Heat Flux) 
LOFT COLUMBIA (5 x 5) 2-5 & 2-12 15.2 257 4.2 
(Unifonn Axial Heat Flux) 
PBF(Shrouded fuel rod) LOC-llC 15.3 325 2.63 
(Choped-Cosine) 
THTF ( 7 x 7) 105 15.5 285 19.9 
(Choped-Cosine) 
104 15.5 287 20.0 
178 15.9 277 19.6 
181 14.2 267 13.4 
177 15.4 276 21.0 
SEMISCALE MOD-1 S-02-1 15.6 286 7.8 
(40 rod bundle) 
(Choped-Cosine) S-02-9 15.5 283 7.4 
S-29-2 12.2 283 7.4 
S-28-1 15.8 284 6.8 
S-06-6 15.8 290 4.9 
SEMISCALE MOD-3 S-07-3 15.9 285 9.5 
(5 x 5) 
(Choped-Cosine) S-07-9 16.1 284 8.6 
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Figure 37. CHF Predictions in LOFT Columbia Test 
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indication of almost complete dryout within the core. In Figure 38, a 
20 percent error band is shown for some of the correlations. This 
error band is obtained by plotting the loci of CHFR at 0.8 and 1.2. 
PBF, LOC-11 (Shrouded Fuel Rods) (Buckland 1978) 
A double-ended guillotine break was simulated. A delayed CHF was 
measured at the single thermocouple location. Since the CHF occurred 
at very 1 ow-mass ve 1 oc i ty, there were on 1 y a few corre 1 at ions which 
predicted CHF, as shown in Figure 39. 
ORNL THTF - 105 (Clemons 1977) 
This test was conducted with a 40 percent inlet - 60 percent 
outlet break configuration. A number of correlations gave close 
results, but the CHF is best predicted by the x = 1 criterion. The 
results are shown in figures 40 and 41. 
ORNL THTF - 104 (Leon 1978) 
The test conditions were similar to the THTF - 105 Test. In this 
test, a 50 percent inlet - 50 percent outlet break was simulated. 
Therefore, a stronger fl ow revers a 1 was experimented. None of the 
correlations was able to predict the delayed CHF; the early CHF is 
predicted by a number of correlations, including the x = 1.0 criter-
ion, as shown in figures 42 and 43. 
ORNL THTF - 178 (Craddick 1976a) 
This test was accomplished by introducing a 32 percent inlet - 28 
·percent outlet break. Coda code predictions are shown in figures 44 
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and 45. Due to the limited number of data points, statistical calcu-
lations on thermocouples could not be performed (Leung 1980). 
ORNL THTF - 181 (Craddick 1979b) · 
This test was a mild transient with a 20 percent inlet break. It 
is a small-break LOCA. As shown in Figure 46, the Biasi, CISE and 
x = 1 correlations are quite successful in predicting the CHF in this 
test. 
ORNL THTF - 177 (Craddick 1980) 
The test conditions were identical to the THTF - 178 test. Thus, 
the results were similar as shown in figures 47 and 48. 
INEL Semiscale Mod-1, S-02-1 (Grapo 1975) 
This was a double-ended hot-leg break test. No flow reversal was 
observed. The CHF first occurred 24 seconds into the transient. All 
the correlations failed to predict the data, except the Griffith-Zuber 
correlation, as shown in Figure 49. 
INEL Semiscale Mod-1, S-02-9 (Crapo 1976) 
This was a 200 percent, double-ended cold-leg break test. ·The 
results of CODA calculations are shown in figures 50 and 51. Again, a 
number of CHF correlations performed well for this test. 
INEL Semiscale Mod-2, S-29-2 (Crapo 1976 a & b) 
This test was also a double-ended cold-leg break test, but at a 
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reduced pressure. The results are similar to the S-02-9 test, but 
time-to-CHF is slightly underpredicted, as shown in figures 52 and 53. 
INEL Semiscale Mod-1, S-28-1 (Collins 1971) 
In this double-ended cold-leg break test, early and delayed CHF 
were observed. A number of correlations are able to predict the early 
CHF; but only the GE correlation is successful in predicting the 
delayed CHF, as shown in figures54 and 55. 
INEL Semiscale Mod-1, S-06-6 (Esparza 1977) 
In this last Semiscale Mod-1 experiment, a double-ended cold-leg 
break was simulated. The results of CODA predictions are shown in 
Figure 56. Only the Condie Mod-7 correlation is successful in this 
test. 
INEL Semiscale Mod-3, S-07-3 (Gillins 1978) 
This is also a double-ended cold-leg break test in a full-scale 5 
x 5 PWR assembly. The results are shown in figures 57 and 58. In 
this experiment, the CHF occurred at a high-quality (x ~ 1). 
INEL Semiscale Mod-3, S-07-9 (Miyasaki 1979) 
This was a test similar to S-07-9. The results are also similar 
and are shown in figures 59 and 60. In figures 37 through 60 the 
empty on darkened circles represent the experimental data. 
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Figure 57. CHF Predictions in S-07-3 Test 
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Summary of CODA Predictions 
Table 8 summarizes the results of CODA predictions in flow decay 
experiments. For b 1 owdown experiments, a summary of the prediction 
results is presented in Table 9. 
In general, the early CHF (tCHF - 1 s) were best predicted by 
round-tube correlations. In general, the CISE and Biasi correlations 
were successful in a number of experiments. The Bowring correlation, 
although inferior to the CISE and Biasi correlations, yielded success-
ful results in some experiments. The local Barnett, CE-1, and GE 
correlations were also successful in predicting the early CHF. 
Although correlated over the rod-bundle data, Condie Mod-7 corre-
lation performed very marginally over the blowdown data. It tends to 
correlate the delayed CHF better than the early CHF. The Hsu-Beckner 
correlation is correlated using blowdown data but yielded poor predic-
tions over the data studied. The Savannah River, B & W-2, LOFT, and 
BWC correlations are found to be very unsuccessful. 
The Griffith-Zuber and modified Zuber correlations were success-
ful to predict the delayed CHF in the following range of mass 
velocity: 
2 
-240 < G < 100 kg/m -s 
In general, the Griffith-Zuber correlation performed better than the 
modified Zuber correlation. However, as suggested by Leung (1980), it 
should be kept in mind that this mass-velocity criterion is strongly 
affected by the measured mass flow, and that mass velocity of such low 
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TABLE 8 
SUMMARY OF CHF RESULTS IN FLOW TRANSIENTS 
Best Correlation(s) 
None (Fast CHF) 
Bowring, Biasi (Slow CHF) 
CISE, Bowring, Biasi (1st Test) 
None (2nd test) 
CISE - Freon Correlation 
CISE - Freon Correlation 
TABLE 9 
SUMMARY OF BLOWDOWN CHF RESULTS 
· Tests and Bowring Biasi CISE Griffith- GE Condie B&W-2 Hsu- x-1.0 Savannah CE-1 local LOFT BWC Modf f ied 
Sl!et ff feat f ons Zuber Mod-7 Beckner River Barnett Zuber 
CE/EPRI 0 0 0 0 0 0 0 Rod-Bundle BHT-25 0 0 • 0 0 0 • 0 
LOFT Columbia loop Q 0 0 • 0 A 0 • Q • Q 0 • • • PBF LOC-llt • • • 0 0 0 . • • • • • • • • A THTF Bundle It 
Test 105 
' 
Q 0 A 0 
' ' 
• Q • 
' 
Q Q • • Test 104 0 Q Q . A 0 A A • 0 • 
' 
0 
' ' ' 
1--' 
w 
Test 178 0 Q 0 
' ' ' ' ' 
0 • • 
' • • ' 
" Test 181 
' 
Q 0 
' ' ' 
• 
' 
0 • • •• • • • Test 177 • 0 0 0 0 
' 
• 
' 
0 • • • • • 
' 
Semiscale Mod-1 
S-02-1 • • • 0 • • • 
' 
• • • • • • • S-02-9 0 0 0 • 
' ' ~ • • • 0 0 • • • S-29-2 Q 
' 
0 • 
' ' 
• • • 0 0 • • • S-28-1 O• QA QA ~o 00 ,. Q! ,. •• 
·-
O• QA •••• •0 {Early and delay CHF) 
S-06-6 • • • 
j 
• 0 • ' • • • • • • • Semf scale Mod-3 
S-07~3 Q· 0 0 o· Q 
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magnitude is very difficult to measure accurately in blowdown experi-
ments. 
The W-3, Katto and EPRI correlations are not included in Table 9, 
because they performed very poorly when compared with blowdown data. 
In many instances, they resulted in a negative CHF. But this poor 
performance is due to the nature of the correlations, rather than 
their inaccuracy. All three correlations are written in terms of the 
inlet quality (or inlet subcooling). In all the cold-leg break 
experiments, a flow reversal was observed. In this case, the inlet 
becomes ambiguous. If the inlet is defined at the flow-reversal 
point, then the quality at this point is much greater than the inlet 
quality range specified for these correlations. For the single 
hot-leg break test, although there was not a flow reversal, the 
correlations still performed poorly due to the high inlet quality. 
Especially the W-3 correlation has a very narrow quality range, since 
it is strictly a DNB correlation, whereas, in all of the above experi-
ments, the CHF mechanism was an annular-flow dryout. 
None of the correlations were able to predict the CHF after 
rewet. This is expected, since the prediction of rewet is difficult 
and it is not simulated in the CODA code. 
The salient results of this and the previous studies indicate the 
following with respect to blowdown transient CHF modeling via steady-
state correlations: 
(i) The Biasi and CISE correlations, in general, provided the 
best predictions for most hot-leg and cold-leg LBLOCA 
conditions where significant coolant flow continued. Both 
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of these correlations, however, could not model the low flow 
CHF. 
(ii) For conditions of low flow the Griffith-Zuber (1977) correl-
ation predicted best. 
It is, therefore, suggested that a simple combination of the 
Biasi and Griffith-Zuber correlations may be used for a best "first-
estimate" of the LBLOCA transient CHF. A more elaborate steady-state 
correlation package may be possible to enhance the predictive accur-
acy, but within the uncertainty of the correlations themselves and the 
uncertainty of the experimental data, such endeavors may be only 
academic. A detailed discussion of the results is given in the 
following section. 
Discussion of CODA Code Predictions 
The results obtained through the CODA code analysis of the blow-
down CHF data look promising in terms of the application of the 
quasi-steady approach to the transient CHF prob 1 em. However, there 
are questions which remain ambiguous. In this section, some of these 
questions are addressed. 
a. In using the CHF correlations, it is the general consensus that a 
low-quality CHF (DNB) may be predicted by using the local condi-
tions approach, whereas, at high-quality dryout the correlation 
must take the history effects into account, which is referred to 
as the boiling length approach. All the CHF data resulting from 
a b 1 owdown be 1 ong to the a nnu 1 a r fl ow dryout type, with non-
uniform axial heat flux in many instances. Therefore, the 
genera 1 expectancy, under these conditions, is that a boi 1 i ng 
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length correlation must be used in predicting the data. However, 
the result of the CODA code suggests that the relatively success-
ful correlations are all based on the local conditions approach. 
b. The relatively successful correlations, namely BIASI, CISE, 
Bowring and GE for early CHF, and Griffith-Zuber for delayed CHF, 
have the same common fonn. In all these correlations, the CHF 
may be expressed in the following form: 
qCHF - (B - x) ( 67) 
where B is either 1 (Biasi correlation at high quality and 
Griffith-Zuber correlation) or a number close to 1 (GE, where b = 
0.84 or 0.80), or a function of pressure and mass velocity which 
results in a number close to 1 over the correlation range (CISE, 
Bowring). In the Griffith-Zuber correlation, the quality, x, in 
Equation 67 is substituted by void fraction a. • v In a 11 the 
b 1 owdown experiments, the CHF was experienced at high qua 1 ity. 
In fact, in many experiments the x = 1 criterion was as success-
ful as any of the above correl~tions. This, obviously, suggests 
that the CHF was reached at very low heat flux level (almost 
zero). Under these conditions, the above correlations may only 
be given credit for yielding the right 1 imit at high quality. 
But a mar~ general statement about the success of these correla-
tions requires more caution. 
c. The occurrence of the CHF at such high quality is possibly due to 
the fact that, in all the experiments, the critical heat flux 
ratio (CHFR or DNBR) at the onset of the transient was 2 or even 
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greater. Right after the onset of the transient, the rate of 
change of the CHF parameters is also relatively fast and it tends 
to 1eve1 up with time. In a 11 the experiments, the CHF was 
reached at relatively slower rates-of-change. The rate of change 
of the transient parameters, as shown as a function of time for 
a 11 the b 1 owdown experiments analyzed, is given in Appendix C. 
It is believed that if the heat flux level was closer to the 
steady-state CHF at the onset of the transient, the CODA code 
results would be different. This is schematically illustrated in 
Figure 61, with reference to the time-constant of the CHF pheno-
menon (6t*) discussed in the previous chapter. If the local heat 
flux curve followed q2, instead of q1 as it did in the experi-
ments analyzed, then the CHF could have been reached at an 
earlier time. In that case, the quality would have been lower 
and the merit distribution among the steady-state CHF 
correlations could have been different. In addition, the 
quasi-steady approach could completely fail, since the rate-
of-change of the transient parameter is relatively high in this 
time period. 
d. In blowdown experiments, there is more than one parameter under 
transient. For instance, in a b 1 owdown experiment with scram, 
the pressure (P), the mass velocity (G) and the power generation 
rate (Q) are all under transients. These parameters may have 
opposing effects on the transient CHF. For examp 1 e, a rapid 
depres?urization may result in a lower CHF, whereas, a rapid 
reduction in mass velocity may tend to increase the CHF. But 
when applied together, they may compensate each other and result 
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in a transient CHF, which is close to a steady-state CHF. This 
hypothesis, referred to as the coincidence hypothesis (Gunnerson 
1984) will be further discussed in the last chapter. But, in 
summary, the coincide nee hypothesis states that the effect of 
individual transients must be carefully analyzed before making a 
statement in terms of a quasi-steady approach in combined effect 
transients such as the blowdown case. 
e. The accuracy of a rather s imp 1 e computer code as CODA is a 1 so 
questionable in terms of estimating the two-phase flow para-
meters. The CODA code assumes a homogenous fl ow with no s 1 i p 
between the phases. In comp 1 ex situations , sue h as a b 1 owdown 
with flow reversal, the drift fluxes may be quite important and 
these are neglected in the CODA fonnulation. Also, the CODA code 
does not differentiate between the CHF in upward and downward 
flows. This assumption also needs to be justified, especially 
for low mass flow rates. 
f. A CHF surface may be generated using best-estimate correlations 
as suggested by the results of CODA. Figures 62 and 63 show such 
CHF surfaces at two different pressures as a function of the mass 
velocity and quality. The Biasi and Griffith-Zuber correlations 
are used to generate these surfaces. Using the CISE correlation 
instead of the Biasi correlation results in a similar surface. 
As observed in these figures, the two correlations used do not 
2 yield to each other at the suggested boundary (G = 100 kg/m - s) 
Even at high quality, the Biasi correlation results in a CHF 
value, which is a few times larger than the result of the 
Griffith-Zuber correlation. For instance, at 1000 psi and at 80 
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percent quality, the result of Biasi correlation is an order of 
magnitude greater than the result of Griffith-Zuber correlation 
at the interface. Therefore, there is a considerable uncertainty 
in applying the CODA code suggestions in this specific region. 
g. Finally, it is known that there is a considerable difference 
between correlations, even though all the parameters may be 
within their suggested range. Therefore, the author thinks that 
applying various correlations to transient CHF data without 
checking for consistency may be very erroneous. A positive 
result may be purely coincidental, and an extrapolation of this 
result to different situations may be completely wrong. The best 
check for consistency must be the steady-state tests. Only the 
correlations which can predict the steady-state CHF in a given 
experimenta 1 faci 1 ity for a given set of conditions shou 1 d be 
used in comparison with the transient CHF data for the same 
facility. This way, a positive statement made in the quasi-
steady approach may have some dependability. 
The results of this discussion show that the studies of Leung 
(1980), Lo (1984), and the author ·(Gunnerson 1984) in applying the 
steady-state CHF correlations to blowdown CHF through a quasi-steady 
manner raise more open-ended questions than satisfactory answers. It 
is the author's strongest belief that the subject must be treated more 
in detail, with more emphasis on basic physics to obtain any satisfac-
tory answer to the transient CHF. This is done in the upcoming 
chapters. 
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Additional Experiments Considered 
The results discussed in the previous sections are restricted to 
flow transient and blowdown data. In order to extend the database for 
The CODA program used to examine the blowdown data, some additional 
experiments are addressed by the author. Unfortunately, most of the 
domestic experiments related to SBLOCA's and RIA's were not specifi-
cally conducted to analyze the CHF behavior. Most of these experi-
ments were designed for thermal-hydraulic code development and verifi-
cation or for assessing fuel-rod behavior. The experiments considered 
are shown in Table 10. 
In these exper.iments, the CHF behavior was of secondary impor-
tance, and neither the experiments nor the reports were instrumented 
or documented to deta i1 the CHF behavior. The prediction of 1oca1 
instantaneous CHF parameters like pressure, mass flux, and local heat 
flux becomes a difficult task in many instances. In almost all these 
experiments, the number of thermocouples per channel was only one or 
two (there were no thermocouples in many subchannels). 
The therma 1-hydraul i c response in SBLOCAs and IBLOCAs is quite 
different from the therma 1-hydrau 1 i c response in LBLOCAs ( b 1 owdown), 
as reported by Boucher and Dimenna (1983). Since the thermal-
hydraulic response of the system, i.e., the determination of two-phase 
fl ow parameters under transient conditions prior to CHF, is not the 
scope of the present study, the data analysis of these experiments is 
omitted. A simple code CODA may not be capable of handling this 
problem, co_nsidering the difficulties encountered by Leung (1980) in 
the analysis of the THTF-181 Test, which was a SBLOCA. The author 
· thinks that a CODA code analysis of these experiments would not bring 
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TABLE 10 
ADDITIONAL LWR TRANSIENTS ADDRESSED 
Test Reference 
SBLOCA 
INEL: Semiscale Mod-2A 
UHI/SBLOCA Shimeck (1983) 
INEL: Semiscale Mod-3 
S-SB-2A Fauble (1980) 
S-SB-Pl Dingman (1980) 
S-SB-P2 Dingman (1980) 
S-SB-P3 Cozzua 1 (1980) 
S-SB-P4 Cozzua 1 (1980) 
S-SB-P7 Dingman (1980) 
IBLOCA 
INEL: Semiscale Mod-2A 
IBTS Boucher (1983) 
RIA 
INEL: PBF 
RIA 1-1 Inabe (1978) 
Martinson (1978 a) 
Buckland {1979) 
Seiffert (1980) 
RIA 1-2 Inabe (1978) 
Martinson (1978 b) 
Zimmermann (1979) 
Cook (1981) 
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any noticeable insight into the transient CHF problem. Theoretically 
and experimentally, it has been observed that the va 1 i di ty of the 
quasi-steady approach in determining the transient CHF depends upon 
the magnitude of the rates-of-change of CHF parameters. For a higher 
rate of change, the quasi-steady approach is more questionable. Since 
for SBLOCAs and IBLOCAs, the magnitude of the rates-of-change of the 
major CHF parameters 1 ike pressure (P) and mass velocity (G) are 
smaller than the magnitude of the rates-of-change of the same parame-
ters for LBLOCAs, this leads to the logical conclusion that, if the 
quasi-steady approach is valid for LBLOCAs, it must be valid for 
IBLOCAs and SBLOCAs. Another commonly discussed hypothetical acci-
dent, the RIA, is theoretically analyzed in Chapter VIII. 
CHAPTER VII 
NON QUASI-STEADY EXPERIMENTS 
A wide literature search of transient CHF studies prior to 1980 
is provided by Leung (1978; 1980). Since 1980, there have been some 
additional CHF studies. The most comprehensive experimental study in 
terms of direct reactor application is probably the one by Westing-
house Electric Corporation (Westinghouse 1981; 1982). But a detailed 
literature search is not presented in this chapter. Since the present 
study is mostly concerned with fast transients where the quasi-steady 
approach is unable to predict the CHF, a brief overview of such 
experiments is presented. 
Power Transients 
The CHF during power transients is important in the nuclear 
industry, since they are typical ·of reactivity initiated accidents 
(RIA). Other than full-scale RIA experiments referred to in the 
previous chapter, there are simpler power-transient studies aimed 
towards the fundamental understanding of boiling heat transfer during 
power transients. The studies of Schrock (1966), Johnson (1971), Aoki 
et al. (1973; 1974), Tachibana et al. (1968), Sakurai et al. (1970), 
Kawamura et al. (1970), Sakurai and Shiatsu (1977a;b), Kataoka et al. 
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(1983) and Serizawa (1983) are examples of such studies. In this 
section, a few of these studies are summarized. 
Tachibana et al. (1968) experimentally studied the CHF in satur-
ated pool boiling at atmospheric pressure under transient power 
conditions. The heating elements were flat strips of nickel submerged 
vertically in water. The strips were 50 mm long, 6 mm wide and of 
variable thickness (0.01, 0.05, 0.1 mm). The heat generation rate per 
unit surface area was linearly increased as follows: 
(68) 
where 
This experiment showed that, for values of T smaller than 100 msec, 
the transient CHF was considerably greater than the steady-state CHF, 
and the difference increased with decreasing ramp period -r. As -r 
i ncreases, the transient CHF asymptotically approaches the steady-
state CHF. The reason for the increase of the CHF with shortening 
ramp period is explained by Tacibana et al. (1968) as follows: 
"The first bubb 1 e appears as the surface temperature reaches a 
certain level. Since the surface temperature rises at a higher 
rate in the shorter period transient, more bubbling sites can be 
expected to come into being before one bubble grows and extends 
over the surrounding nucleation sites. In this manner, the short 
period transients allow more bubbles to exist on the heating 
surface at higher superheat. This is what provides for a higher 
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heat flux in the nucleate boiling region, including the case of 
the critical heat flux condition." 
Another interesting result of the experiment (Tachibana 1968) is 
the response of the surface heat flux to the change in power genera-
tion during the nucleate boiling regime. During steady-state condi-
tions, the heat flux is equal to the heat generation rate. But, 
during power transients, this quasi-steady relation does not hold. 
Until the initiation of boiling, the surface heat flux lags the power 
generation rate and after the initiation of boiling it increases at a 
higher rate up to the CHF. Therefore, for sma 11 va 1 ues of ramp 
period, a linear increase in the power generation rate does not imply 
a linear increase in the surface heat flux. The increase of the 
surface heat flux becomes more linear with increasing value of the 
ramp period. Figure 64 illustrates this concept. This figure is not 
quantified, but drawn according to the observations of Tac hi bana et 
al. (Tachibana 1968). In both figures, the ribbon thickness is 
assumed the same. In Figure 64a, T is in the order of 100 msec, and 
in Figure 64b, T is in the order of 10 msec. Obviously, this relation 
between the surface heat flux and · the heat generation rate is also 
affected by the ribbon thickness H, but this effect is not shown in 
Figure 64. 
Sakurai et al. (1970) made a similar experiment for pool boiling 
under atmospheric pressure. As a heater they used a vertical platinum 
ribbon of 0.1 mm in thickness, 2.5 mm in width and 15 mm in length. 
The heat generation rate was represented by 
Q{t) = Q
0 
exp (t/T) (69) 
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They obtained transient CHF data for 75, 50, 25° subcooled and 
saturated water conditions. They correlated their data in the follow-
ing empirical form: 
qCHF,TR - qCHF,SS = K T-b (70) 
where the values of K and b are given in Table 11. 
TABLE 11 
THE CONSTANTS AND qCHF,SS VALUES IN EQUATION 70 
Water qCHF,SS 
Temperature (MW/m2) K x 10-4 b 
298 OK 7.36 ± 0.28 45.0 ± 2.8 0.52 ± 0.05 
323 OK 3.71 ± 0.12 40 .5 ± 1.3 0.55 ± 0.02 
348 °K 2.84 ± 0.06 1.05 ± 0.08 1.15 ± 0.05 
373 °K 0.67 ± 0.05 0.66 ± 0.10 1.11 ± 0.09 
Sakurai et al. (1970) reported that the heat flux increased along 
the steady nucleate boiling curve and its linear extension up to the 
transient critical heat flux. They pointed out that the quasi-steady 
nucleate boiling existed with a certain lifetime on the linear exten-
sion of the steady nucleate boiling curve, and they also measured the 
1 ifetime. However, this experiment was not adequate in explicitly 
exploring the effects of power transients on the CHF, because of the 
· geometry effects present. The length of the ribbon heater used was 15 
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rrtn. For water at atmospheric pressure, the Taylor instability wave-
length is in the order of 20 mm. Therefore, CHF measurements for such 
geometries is very much geometry dependent, and the known CHF correla-
tions fail to predict such CHF (Leinhard 1981). 
Kawamura et al. (Kawamura 1970) obtained transient CHF data for 
pool boiling of water at atmospheric pressure. They also used stain-
less steel and nickel flat-ribbon heaters of 60 rmn in length, 6.8 mm 
in width, and 0.01 to 0.8 mm in thickness. The heater was placed with 
the heat transfer surface being vertical to the water. In their 
experiments, Kawamura et al. (1970) tested different power functions 
which were linear, exponential, and squared hyperbolic secant. They 
a 1 so measured the transient CHF with 70, 40, and 20°C subcoo 1 i ng. 
Some of their results may be summarized as follows: 
a. In a short-period transient, many sma 11 bubb 1 es cover the 
surface; in a long-period transient, a few large bubbles 
cover it. 
b. In subcooled pool boiling, a great number of small bubbles 
grow and collapse repeatedly on the heating surface. 
c. When power maintains a non-zero level before the transient 
starts, the transient CHF in subcooled boiling is reduced 
considerably. 
Sakurai and Shiotsu made a more detailed investigation of the 
transient pool boiling heat transfer (Sakurai 1977a;b). They experi-
mentally investigated the transient pool boiling under saturated 
conditions. The heat generation rate was increased exponentially 
according to Equation 69. They obtained transient CHF data for 
periods ranging from 5 msec to 10 sec and for pressures ranging from 
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0.1 to 2.1 MPa. The heater was a horizontally supported thin platinum 
wire with effective length of 32.2 mm and with diameter of 1.2 mm. 
For periods 1 ess than 100 msec., they corre 1 a ted their experimenta 1 
data as fo 11 ows: 
( ) -0.6 qCHF,TR - qCHF,SS /qCHF,SS = 0.079 T ( 71) 
Sakurai and Shiotsu (1977a) observed that there are two boiling 
patterns that can exist in transient boiling. The one they called the 
regular process has a maximum heat flux after reaching and following 
the steady boiling curve and its linear extension. The irregular 
process, on the contrary, has its maximum heat flux without ever 
reaching and following the steady boiling curve and its linear exten-
sion. The regular boiling is the most important one to the nuclear 
industry, since the regular process changes to an irregular process 
with decreasing period, and as the pressure increases, this change 
occurs at shorter exponential periods. This limiting period is very 
short (T<< 5 msec) for the pressure range which is of interest to the 
nuclear industry, as reported by Sakurai and Shiatsu (1977b). In this 
regular boiling, the heat transfer coefficient after the initiation of 
boiling becomes lower than the steady one at the same heat flux level. 
This may be explained by the time lag of a slow activation process of 
originally flooded cavities in the low heat flux region. Then it 
recovers before the maximum heat flux is reached. The maximum heat 
flux is higher for a shorter period and for a higher system pressure. 
However, for irregular processes, the heat transfer coefficient never 
recovers to the steady boiling curve, and the maximum heat flux first 
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decreases to a minimum value (as low as the steady maximum heat flux) 
with the decrease in the period and then it increases. The reason why 
the heat flux increases a 1 ong the extension curve up to the maximum 
heat flux in the regular process, is due to 
the fact that the vapor patch does not form immediately after the 
steady CHF, until a certain amount of thermal energy is stored in the 
vicinity of the heater surface. Thermal energy, transferred to the 
water during the time between steady-state CHF and transient CHF, is 
the threshold value for the vapor patch formation. 
The transient boiling heat transfer under forced convection is 
experimentally investigated by Kataoka et al. (1983). They obtained 
the data by exponentially increasing the heat input which was supplied 
to a platinum wire in water flowing upward in a round tube at pres-
sures from 0.143 to 1.503 MPa, and at various subcoolings. They 
correlated this data in a non-dimensional form similar to Katto's 
approach (1978) as follows: 
( ) - -0. 63 qCHF,TR - qCHF,SS /qCHF,SS,00 - O.OBJT 
where qCHF,SS is the steady-state CHF and is given by: 
= 0.03740 (p /P )0•66 ( opl ~. 40 
v 1 G2L ) 
. 0 
where L is the Laplace coefficient and is given by 
0 
( 72) 
(73) 
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(74) 
qCHF,SS,OO is the steady-state CHF with zero subcooling and zero flow. 
It is given by: 
~CHF,SS,00 = O.lG [og{P _ P ) /P 2]0.25 
fg p v 1 v v (76) 
Note that Equation 76 is similar to Zuber's (1958) equation with a 
coefficient of 0.16 as suggested by Kutatelatze (1963). 
Equation 72 is a simplified version of a more accurate equation, 
where the constant 0.083 is replaced by a pressure dependent term. 
The accurate form of this equation is as follows: 
( ) ( )-0.30 qCHF,TR - qCHF,SS qCHF,SS,00 = 1•274 Pv/Pl 
(77) 
{T[cr (P -P )/P2]0.25/l }-0.63 
x g 1 v v 0 
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But within the pressure range studied, Kataoka et al. (1983) observed 
that the pressure dependence can be neglected, which yielded Equa-
tion 72. 
Serizawa (1983) proposed a correlation to theoretically predict 
the maximum heat flux in power transients. In his study, Serizawa 
mentioned four different boiling patterns. These patterns are shown 
in Figure 65. The A-type boiling in this figure corresponds to the 
regular process of Sakurai and Shiatsu (1977). The B-type boiling 
curve may be looked on as an intermediate process between the regular 
and irregular processes. Serizawa (1983) started from the postulate 
that the DNB heat flux in the power transients is specified by closely-
packed vapor bubbles covering the whole area of the heated surface. 
The analysis is applicable to A-type (regular) boiling, shown in 
.Figure 65, which is of interest to the nuclear industry. The model is 
based on the formation and consumption of a thin liquid layer between 
the vapor b 1 anket and the heated surface. Figure 66 shows the pro-
posed simple physical model of the transient burnout. 
At time A, a stable vapor blanket covers a considerable portion 
of the heated surface. Underneath the vapor blanket, there exists a 
liquid micro-layer. The thickness of the liquid layer is considered 
to decrease with an increase of the heat flux. As the liquid layer 
evaporates, the consumption of the liquid is compensated by the 
continuous supply of liquid from the surrounding medium, as expressed 
by the following equation: 
( 78) 
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A Formation of liquid layer 
beneath stable vapour 
blanket. 
B Onset of critical state. 
C Stable vapour-liquid 
configuration destroyed. 
D Dry-up of the liquid layer 
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Figure 66. Physical Model of CHF (Serizawa 1983) 
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Where Ev= Af q/ hfg(l + CP 6Tsuslhfg)' is the rate of evaporation and 
Wf is the rate of liquid supply. The value of Wf is assumed not to 
exceed a critical value determined by the thermal-hydraulic conditions 
around the heater. 
At time B, when the heat flux reaches a value qCHF' which is the 
steady-state critical heat flux, 6Ev is still equal to zero, but Wf 
reaches its critical value. At this point, the micro-layer thickness 
remains constant at qCHF and the boiling is stable. 
If 6Ev > 0, the boiling is no longer stable and the liquid layer 
will be consumed. Therefore, the surface will eventually be dried out 
at time D. The corresponding heat flux is the transient critical heat 
flux. 
Based on this simple model, through the mathematics it is con-
cluded that the liquid layer thickness is a primary influence on the 
transient CHF behavior, together with the liquid supply to the layer. 
According to Serizawa's (1983) model, the steady-state CHF is formu-
1 ated as 
(79) 
Whereas, the transient CHF is formulated as 
Serizawa (1983) assumed that Wf (t) is constant within the time period 
from tCHF,SS to tCHF,TR. Thus, Wfs may be obtained from Equation 79. 
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Substituting this value of Wfg into Equation 80, the governing equa-
tion becomes 
The burnout behavior during a given transient may be determined from 
Equation 81, once q(t) and oc are known. Serizawa (1983) states that 
a quasi-steady conduction model may be assumed as long as A-type 
boiling occurs. The quasi-steady conduction model consists of relat-
ing the surface heat flux to the heat generation rate through a simple 
volume to surface-area ratio as follows: 
q{t) = VIS Q(t) (82) 
Serizawa took an empirical approach in determining the liquid layer 
thickness oc. In the process, transient CHF data from power transient 
experiments with horizontal wire and flat ribbon heaters in pool 
boiling, and also with v~rtical cylindrical heaters in forced convec-
tive boiling, are used. Therefore, the good predict ion obtained in 
correlating the various data is not surprising, and the validity of 
the assumptions used in the derivation is not very clear. For exam-
P 1 e, a 1 though the experiment · of Ta chi bana et al • ( 1968) does not 
result in a quasi-steady conduction relation, by using this approxi-
mation Serizawa's (1983) model predicts Tachibana's {1968) data 
perfectly. The assumption of Wf being independent of time is also 
questionable. But, further discussion of Serizawa's correlation is 
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presented in Chapter VIII, where power transients are further ana-
lyzed. 
Pressure Transients 
Rapid depressurization is a phenomenon that occurs during loss-
of-cool ant accidents (LOCA). In a LOCA the rapid depressurization is 
accompanied by a rapid flow reduction and, with a scram, the power is 
also transient. All the blowdown experiments considered in the previ-
ous chapter belong to this category of combined transients. There are 
also studies dealing with rapid depressurization alone, to investigate 
the physical foundations of such transients. The studies of Westing-
house Electric Corporation (Westinghouse 1981; 1982), Aoki et al. 
(1974) and Sakurai et al. (1980) are examples of such studies. 
In the J-Loop test facility, Westinghouse Electric Corporation 
(1981; 1982) performed rapid depressurization experiments where mass 
velocity was kept constant. Tests 301, 302, 303, 313 and 314 are the 
rapid depressurization tests. The initial pressures of 12.1 MPa (Test 
301 and 302), 15.5 MPa (Test 303) and 13.8 MPa (Test 313 and 314) are 
used. The depressurization rate was kept constant at 2.41 MPa/sec 
during the tests, except in Test 302, where the depressurization rate 
was 0. 689 MP a/ s. The mass ve 1 oc i ty in a 11 those tests were kept 
constant at 3424 kg/m2-s). 
The experimental CHF values obtained in these tests were compared 
to the prediction of various correlations. Two different codes were 
used for this purpose. The MAYU 04 code was used for a bundle-
averaged fluid conditions type of analysis and the COBRA-IV code was 
used for a subchannel analysis. Although the subchannel analysis gave 
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better results in terms of thermal-hydraulic parameters, the extent of 
the CHF was not predicted by any of the correlations during these 
depressurization tests. The Biasi correlation did not predict any CHF 
(except for Test 313, where it predicted the CHF too late) for these 
tests, although the CHF occurs within the first few seconds into the 
transient. The reason the Biasi Correlation is specifically men-
tioned, is due to the fact that it is one of the correlations recom-
mended in predicting the blowdown CHF data, as discussed in the 
previous chapter. 
Aoki et al (1974). experimentally studied the problem of CHF 
during rapid depressurization in forced convective boiling. The test 
section was an annular vertical upward flow channel, consisting of a 
pyrex tube of 8 rrm inside diameter and a heater made of a stainless 
tube of 4.6 mm outside diameter and of 0.2 mm thickness. The effec-
tive heating length was 92 mm. The power was kept constant through 
each experiment. There was no coolant loss associated with rapid 
depressurization. The depressurization was from 0.3 MPa to atmos-
pheric pressure. The rate of depressuri zati on was dependent on the 
subcoo 1 i ng. At higher subcoo 1 i ng, · the pressure reached the atmos-
pheric pressure faster. This is shown in Figure 67. For smaller 
initial subcoolings, the drop of wall temperature after depressur-
ization became slower. In this case, a shorter time-to-CHF was 
observed. The experiments were conducted at different fl ow ve loci-
ti es. It was observed that tCHF decreased as the flow velocity 
increased. Under the complex interaction of the above parameters, the 
following general trends were observed: 
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of Subcooling for the Depressurization Experiment of 
Aoki et al. (1974) 
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a. The boiling heat transfer was very well established during 
the depressurization process. 
b. The CHF was reached during the period that the second 
generation bubb 1 es appeared on the surface. No CHF was 
observed right after the blowdown during the existence of 
first-generation bubbles. 
c. The transient CHF was larger than the steady-state CHF at 
the re 1 eased pressure. The difference between qCHF, TR and 
qCHF,SS was a function of the initial subcooling and the 
fl ow ve 1 ocity. 
At this point, the hypothetical experiment of Lahey and Moody 
(1979) may be introduced. The hypothetical experiment simulates a 
one-second depressurization test at 200 psi/sec depressurization rate. 
This simple pressure decay and the results of a transient computer 
code are shown in Figure 68. In this figure, the exit quality versus 
time is plotted. During the time it takes the control volume that 
initially was at the boiling boundary to exit the test section, the 
exit quality decreases. This is due to the rapid expulsion of the 
two-phase fluid as a result of the flashing process. After that, the 
quasi-equilibrium state is reached and the exit quality monotonically 
increases. When the b 1 owdown is terminated, the transient qua 1 i ty 
rises to the new equilibrium value at 800 psi. This simplified analy-
sis of Lahey and Moody (1979) may help explain why there normally is 
no premature CHF during depressuri zati on and why the CHF frequently 
occurs just after blowdown ceases. 
To gain further understanding of rapid depressurization on the 
CHF, the poo 1 boiling experiment of Sakurai et a 1. (1980) may be 
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examined. Sakurai et al. (1980) studied the transient boiling pheno-
mena caused by rapid depressuri zati on on a test heater which was 
initially in a non-boiling state in a pool of water. The test heater, 
which was a platinum wire of 1.2 mm in diameter and 71.6 rrm in length, 
was placed in a pool of subcooled water, and the heat generation rate 
was held constant throughout each experiment. The change in system 
pressure was adjusted such that it followed an exponential decay given 
by 
P = P0 exp (-t/T) (83) 
The pressure transients were perfonned for the initial pressures 0.59, 
1.08, and 1.90 MPa and for the water temperatures of 353 and 373°K. 
The pressure reduction period, T, was varied from 3 msec to 60 msec. 
For T = 3.5 msec, the pressure and surface temperature histories are 
shown in Figure 69. After the onset of nucleate boiling, the heat 
flux was observed to follow an almost linear increase until it reached 
the transient CHF value. The results of these experiments showed that 
the CHF was strongly dependent on the initial heat flux and the rate 
of depressurization, and it was always lower than the corresponding 
steady-state CHF. As shown in figures 70, 71, and 72, the ratio of 
transient CHF to steady-state CHF decreases as the initial heat flux 
decreases and as the exponential period T decreases. For initial heat 
fluxes lower than the initial heat flux shown in figures 70 and 71, 
and for T greater than 10 msec as shown in Figure 72, no CHF was 
observed. 
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For short reduction periods, the heater surface temperature drops 
rapidly as the boiling initiates. The thermal boundary layer of the 
initial steady state may not vary as rapidly as the reduction of the 
surface temperature; therefore, the change in the temperature at some 
position away from the heater surface may be de 1 ayed. And, as the 
saturation temperature decreases due to pressure reduction, this will 
result in a thicker layer of superheated liquid than that in steady 
nucleate boiling. According to Sakurai et al. (1980), these factors 
as well as the reduction in subcooling, which is more effective for 
shorter periods and lower heat fluxes, lower the value of the CHF. 
Flow Transients 
Some of the fl ow transient experiments have been analyzed by 
Leung (1980), and the results were summarized in Chapter VI. In those 
experiments, as well as in the fl ow reduction tests conducted by 
Westinghouse Electric Corporation (Westinghouse 1981 ; 1982), it was 
observed that the quasi-steady approach was fairly successful in 
predicting the transient CHF. But there are also examples in the 
literature where the transient CHF is considerably different from the 
CHF predicted by the quasi-steady approach. The studies of Cumo and 
his co-workers (Cumo 1978 Celata 1986) and Ishigai et al. (1974) 
are such examples. 
The influence of abrupt fl ow change on the CHF in the high-
qua l i ty steam water flow is experimentally studied by Ishigai et al. 
(1974). The test section was a stainless steel tube of 8 mm I.D. and 
1 mn thickness. The test section consisted of a 1135 mm adiabatic 
section, followed by a 750 mm heated section. A two-phase mixture was 
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fed into the test tube; the inlet steam quality ranged from 0.5 to 0.8 
in various tests. The exit pressure was kept at 5 atmospheres during 
the tests. 
In these experiments, the dryout occurred at heat fluxes lower 
than the corresponding steady-state CHF for sudden flow deceleration. 
The difference between the transient CHF and the steady-state CHF 
increased as the deceleration increased. The abrupt change was 
applied on the mass-fl ow rate of vapor phase. Therefore, the fl ow 
transient was characterized by the shear stress change in time. 
I sh i ga i et a 1 • (197 4) referred to this type of transient CHF as the 
premature dryout, and they theoretically analyzed the premature dryout 
by applying the modified kinematic wave theory on the liquid film-
vanishing hypothesis. Ishigai et al. (1974) related the ratio n of 
·" transient CHF to steady-state CHF to the ratio of the shear-stress 
before and after the transient. After certain simplifying assump-
tions, the ratio n was formulated through the simple rotation: 
(84) 
The experimental results and the predictions of Equation 84 are 
shown in Figure 73. In their analysis, Ishigai et al.(1974) accounted 
for the effect of the inlet quality by using the ratio n and the shear 
stress ratio. At low-mass flow rate the decrease in the critical heat 
flux was considerable, where at high-mass flow rate the decrease was 
little. 
The effect of mass-flow rate transients on CHF is also experimen-
tally investigated by Cumo et al. (1978). They obtained experimental 
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CHF data with constant pressure and uniform heat flux in a freon loop 
simulating an exponential flow decay, which is typical of LOFA condi-
tions. In these experiments, the fluid, Freon-12, entered at sub-
cooled conditions and flowed upward through a unifonnly-heated test 
section of stainless steel with heated length of 2 m, inner diameter 
of 7.8 mm, and wall thickness of 1 mm. Some of these experiments are 
compared to the CISE-freon steady-state CHF correlation by Leung 
(1980). As summarized in Chapter VI, the results were successful; but 
only the relatively slow experiments were studied by Leung (1980). · By 
studying all the experiments, including the relatively-fast ones, for 
an exponential flow decay, Cumo et al. (1978) correlated the transient 
CHF data in the following form: 
qCHF,TR = qCHF,SS + C.F. (85) 
where the correction factor, C.F. is given by 
C.F. (86) 
where g = 0 82 (t ) O.l5 (P /P)l 
· 0.5 er 
where t 0•5 is the time required for 50 percent reduction in flow. 
This correlation suggests that for rapid flow reduction, the 
transient CHF is higher than the corresponding steady-state CHF. In 
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the above correlation, the steady-state CHF is correlated by using the 
CISE-Freon correlation. 
More recently, Cumo and his co-workers (Celata 1986) performed a 
similar experimental study for transient CHF during flow reduction. 
Celata et al. (1986) used a similar test section which was a stainless 
steel tube 2300 nm in length, 7.5 rmn inner diameter, and 0.9 mm wall 
thickness. The test section was uniformly heated. In all the tests, 
the inlet subcooling was kept constant and equal to 23°C. Four 
parameters have been varied during these tests. The test matrix is 
shown in Table 12. For each test the parameters were kept constant, 
except for the mass-flow rate which was wel 1-approximated by the 
following characteristic function: 
(87) 
In the data analysis, Celata et al. (1986) used a parameter referred 
to as the "time transit parameter," defined as 
(88) 
Celata et al. observed that the critical heat flux data was dependent 
on the following ratio: 
(89) 
179 
TABLE 12 
THE EXPERIMENTAL TEST MATRIX OF CELATA ET AL. (1986) 
1.2 1.5 2.0 2.75 
Ranging between 32,000 and 85,000 
Gi,o (kg/m2-s) 1000; 1250; 1470 
ta. s ( s) 0.4; 1.0; 2.0; 3.0; 4.0; 5.0; 7.0; 10.0 
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and correlated their data in the following form: 
G( t ) , 
CHF,TR = 1-expl-0.87 (P/P )-0.57(t')0.54[q/q (G )]2.8/t J (90) 
G(tCHF,SS) er CHF,SS o 
Since the CHF decreases as the mass-flow rate decreases for fixed 
inlet subcooling, Equation 90 shows that for small values of t' the 
transient CHF is greater than the corresponding steady-state CHF. The 
inaccuracy of the steady-state prediction becomes important for values 
of t' less than 2. 
CHAPTER VIII 
THEORETICAL PREDICTION OF THE CHF DURING 
POWER TRANSIENT 
The study of boiling with time-dependent heat input is a major 
concern for many applications of boiling heat transfer, especially in 
light-water-reactor (LWR) technology. The prediction of critical heat 
flux (CHF) in the safety evaluation of reactivity initiated accidents 
(RIA) in LWRs is important to the nuclear industry. These types of 
accidents are associated with a sudden increase in power generation 
and may occur in a nuclear reactor under a variety of conditions, as 
discussed in Chapter IV. Along with power burst experiments, refer-
enced in Chapter IV and VI, simulating RIA in full-scale reactors, 
there have been several experiments aimed toward a fundamental under-
standing of the CHF phenomena caused by power transients. Some of 
these studies were summarized in Chapter VII. 
In this chapter, the transient CHF caused by a time-dependent 
heat source is investigated from basic principles. In the first 
section, the transient CHF for saturated pool boiling during power 
transients is studied. In the following sections, the effects of 
liquid supply, subcooling, and forced convective boiling on the 
transient CHF are investigated. 
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Transient CHF in Saturated Pool Boiling 
During Power Transients 
The multi-step model of Haramura and Katto (1983), summarized in 
Chapter III, is the most complete formulation of the CHF problem in 
saturated pool boiling and is used in the development of the transient 
CHF corre 1 at ion. The time-dependent nature of the heat genera ti on 
rate makes it necessary to couple the developed CHF model with an 
appropriate conduction model, which is also included in this section. 
Theoretical Transient CHF Correlation 
The CHF for steady-state saturated pool boiling is formulated by 
Haramura and Katto (1983) as 
(91) 
where oc,o is the critical liquid layer thickness underneath the 
bubble and -rd is the hovering period of the bubble, as discussed in 
Chapter III. The ratio Av/Aw represents the fraction of the surface 
area covered by vapor to the tota 1 heated area. When the heat flux 
reaches the steady state CHF value, the liquid layer thickness is 
formulated (Haramura and Katto 1983) as 
(92) 
where, 
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as summarized in Chapter III. If the local heat flux is kept at this 
level, the liquid layer will dry out at the end of Td. Using equa-
tions 91 and 92, the hovering period may be written as 
(94) 
where 
(95) 
In power transient situations, however, the local heat flux 
increases during Td' which causes the complete evaporation to take 
pl ace sooner than Td. By the time the surface is essentially dried, 
the local heat flux reaches a value higher than qCHF,SS,OO which is 
qCHF,TR· 
During the evaporation process there is no liquid supply to the 
liquid layer; thus, the rate of change of the liquid layer thickness 
is governed by either one of two mechanisms: the hydrodynamic insta-
bility which dictates the maximum thickness of the stable liquid layer 
for a given surface heat flux, or evaporation. This may mathemati-
cally be expressed as 
(d8/dt) =MAX {l(a8c,o/aq){dq/dt), lq/f2(P)I} (96) 
where the first term on the RHS corresponds to hydrodynamic thinning 
and the second term to evaporation. This hypothesis is illustrated in 
Figure 74. Figure 74 shows that if the heat flux is kept constant at 
8( t) 
\ 
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Figure 74. The Change in Liquid Layer Thickness Due to 
Hydrodynamic Instability and Evaporation 
185 
the steady-state CHF level, the liquid layer will evaporate at the end 
of the hovering period Td. But, since the heat flux increases with 
time, the rate of evaporation also increases, as shown by the dotted 
lines. However, an increase in the heat flux also causes a decrease 
in the thickness of the stable 1 iquid film, as shown by the sol id 
line. The slope of the evaporation line and the critical liquid 
thickness line determine the dominant mechanism. Figure 74 shows that 
between points A and B the hydrodynamic instability is dominant; 
whereas, at point B the evaporation starts dominating until the 
complete evaporation of the liquid layer thickness. Therefore, the 
liquid layer thickness follows the curve ABC rather than AC', as 
suggested by Serizawa (1983). In order to estimate the time-to-CHF 
accurately, the point B must be estimated. This switch-over point 
between the two mechanisms may be calculated by setting the slopes of 
evaporation and hydrodynamic instability lines equal, such that 
{ao /aq)(dq/dt) = -q/f2(P) c,o (97) 
The critical liquid layer thickness may be related to the surface heat 
flux through Equation 92. Equation 92 is developed (Haramura and 
Katto 1983) by estimating the Helmholtz instability wavelength in the 
vapor stems for a steady-state surface heat flux. By assuming that 
the vapor velocity in the stems accelerates instantaneously to its 
magnitude dictated by the increasing surface heat flux, the same 
equation may be us~d for transient surface heat flux. This assumption 
is thought to be reasonable, since the total distance traveled by the 
vapor (the length of the vapor stems) is very small (on the order of 
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10 to 100 microns). Therefore, using Equation 92, the heat flux at 
the switch-over point may be calculated as 
(98) 
Using Equation 94, Equation 98 may be written as 
(99) 
where Bs is the dimensionless parameter which detennines the switch-
over between the two mechanisms and is given by 
(100) 
If Bs is less than or equal to 1, the decrease in the liquid layer 
between tCHF,SS and tCHF,TR is controlled by evaporation alone. 
However, if Bs is greater than 1, the effect of the hydrodynamics on 
the decrease of liquid layer thickness must be included in the analy-
sis. Once the surface heat flux is known as a function of time, the 
switchover heat flux, q8, may be calculated through equations 99 and 
100. Hence, the transient CHF may be predicted through the following 
integrals: 
tB tCHF,TR 
(o ) = f [2f1(P)(dq/dt)/q3]dt + f [ q/ f2(P)] dt (101) c,o t=t 
CHF,SS tCHF,SS tB 
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if 85 > 1, and 
JtCHF, TR (oc o)t=t = [q/f (P)]dt 
' CHF,SS tCHF,SS 
( 102) 
if BS s; 1. 
If the surface heat flux q is known as a function of time, 
Equations 101 and 102 may be integrated. If the surface heat flux 
increases linearly, it may mathematically be expressed as 
q(t) = q0 + (dq/dt)t (103) 
For a linear increase,Equation 101 may be integrated to yield 
2 2 
<0c,o>t=tcHF,SS = [fl(P)/qCHF,SS,00] - [fl(P)/qsJ 
( 104) 
+ (qCHF,TR + qB)(tCHF,TR - tB)/( 2f2P) 
Using equations 91, 92, 95, 99 and 100, tCHF,TR - t 8 may be written as 
(105) 
where n = qCHF,TR/qCHF,SS,OO Finally, for a linear increase in the 
heat flux, tCHF,TR - t 8 may be expressed in terms of qCHF,TR and q8 
through Equation 103, as follows: 
(106) 
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Equating the RHS of equations 105 and 106, and substituting q8 from 
Equation 99, the transient CHF correlation may be obtained as 
n = 12B2 s (107) 
For Bs ::; 1, Equation 102 may be integrated through a similar 
procedure to yield 
(108) 
Thus, the transient CHF correlation for a linear increase in the local 
heat flux may be written as 
where H(Bs - 1) is the Heavyside step-function. 
If the surface heat flux increases exponentially as given by 
q(t) = q
0 
exp(t/T) ( 110) 
then, Equation 100 reduces to 
(111) 
If Bs is greater than 1, Equation 101 may be integrated to yield 
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2 2 (o )t t = [fl(P)/qCHF,SSJ - [fl(P)/qBJ 
c,o = CHF,SS 
+ T [qCHF,TR - qB]/f 2(P) ( 112) 
Using equations 91, 92, 95 and 99, Equation 112 may be written as 
( 113) 
Finally, using Equation 111, the transient CHF correlation may be 
written as 
(114) 
for Td/T ~ 0.5 
For Td/T ~ 0.5, Equation 102 may be integrated to yield 
( 115) 
Therefore, the transient CHF correlation for an exponential 
increase in the surface heat flux may be written as 
where H(Td/T - 0.5) is the Heavyside step-function. 
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The Conduction Within the Heater During Power Transients 
The transient CHF correlations developed in the previous section 
are based on the rate-of-change of the local heat flux. During power 
transients, however, the rate-of-change of the heat generation rate is 
the major parameter, and it is often directly measured. Therefore, in 
order to use the above CHF correlations, a relation between the heat 
generation rate Q and the surface heat flux q must be established. In 
this section, the transient conduction problem of a cylindrical heater 
in a pool of liquid is considered. The heat generation rate is 
assumed to increase exponentially according to 
Q(t) = Q
0 
exp (t/T) ( 117) 
Neglecting the temperature variations in the axial and circumferential 
directions, the energy equation in terms of temperature variation in 
cylindrical coordinates becomes 
subject to the following boundary conditi~ns: 
at r = 0 
and 
at r = R 
aT 
ar = 0 
T = T w 
(118) 
( 119) 
(120) 
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If the second boundary condition in Equation 111 is known as a func-
tion of time, an analytical solution to the problem may be obtained 
using the appropriate transform techniques. But this boundary condi-
tion is supplied from the solution of the conjugate convection prob-
lem. For nucleate boiling, however, this becomes a difficult task. 
Therefore, in this section, certain approximations and their impli-
cations are discussed. When non-dimensionalized, using the variables 
given in the nomenclature, Pquations 118, 119, and 120 yield, 
respectively 
at r' = 0 
at r' = 1 
aT' 
ar' 
= 0 
T' = 0 
(121) 
(122) 
(123) 
For electrical heater wires with low heat capacity, high thermal 
conductivity and small radius, the coefficient of the first term 
becomes sma 11 , except for very sma 11 va 1 ues of T. Therefore, the 
first tenn of Equation 121 may be dropped, compared to the other terms 
in the LHS of the equation. With this approximation Equation 121, 
subject to the conditions given by Equations 122 and 123, may be 
solved to yield the temperature profile as a function of time t and 
radial coordinate r. By using the Fourier law, the surface heat flux 
may be obtained as 
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q' = _21 [et' - (P cp R) dT ~ l 
hCT dt' 
(124) 
During the solution procedure, he is treated as constant; but, in 
fact, it is a function of time. Depending upon the time interval 
considered and the value of he within this interval, Equation 124 may 
have the following implications: 
1. For high values of he' when dT~/dt' is on the order of dT'/dt', 
the last term of Equation 124 may be dropped, as compared to the 
first term. Then, Equation 124 reduces to: 
q' = et';2 (125) 
Thus, 
(126) 
The heat flux is related to the heat generation rate through the 
simple relation: 
q = Q(V/S) ( 127) 
where V is the heater volume and S is the heater surface area. Here-
after, this case wi 11 be· referred to as the quasi-steady conduction 
model. 
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2. For low values of he' all the heat conducted to the surface may 
not be convected away, and the quasi-steady conduction model will 
overpredict the surface heat flux, i.e., 
q < Q(V/S) (128) 
3. If a sudden increase in he occurs (for instance, right after the 
initiation of boiling), there may not be enough heat generated 
and conducted to the surface to compensate for the convection. 
Thus, some of the previously stored energy starts being convected 
away, which results in a decrease of the surface temperature 
(dT~/dt'<O). This, in turn, implies 
q > Q(V/S) (129) 
The time i nterva 1 which is of interest to the present study is 
the period between the time the surface heat flux reaches the steady 
state CHF value and the time it reaches the transient CHF value. The 
experimental studies of Sakurai and Shiatsu (1977a) and Serizawa 
(1983) on the boiling patterns during a power transient, show that all 
three cases considered previously are possible within this specific 
time interval. The boiling patterns corresponding to each case are 
shown in Figure 75. Figure 75-a may correspond to the quasi-steady 
conduction model described as case 1, whereas, the boiling pattern of 
Figure 75-b may result in case 2. The temperature shoot-back in the 
time interval from steady state CHF to transient CHF, as shown in 
Figure 75-c, is likely to cause the conditions in case 3. 
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Since, depending upon the geometry, pressure, exponential period, and 
heater material, all the different patterns in Figure 75 are possible, 
the use of an appropriate conduction mode 1 in the transient CHF 
correlations becomes crucial. Hereafter, the boiling patterns shown 
in figures 75-a, 75-b, and 75-c are referred to as Types I, I I, and 
III, respectively. 
Comparison With Data 
The transient CHF correlations developed for saturated pool 
boiling are compared to the data from the experiments of Sakurai and 
Shiatsu (1977b), Kuroda (1979), Tachibana et al. (1968), Sakurai et 
al. (1970), Kawamura et al. (1970), and Kataoka et al. (1983). 
Figures 76 through 81 show the comparison of Equation 116 with 
the data of Sakurai and Shiatsu (Sakurai 1977b) at various pressures. 
The experimental conditions of this study were summarized in Chapter 
VII. The results are quite successful for high pressure. The data is 
slightly overp~edicted for lower values of T. This is possibly due to 
the fact that the quasi-steady conduction is not present for such 
rapid transients. The deve 1 oped theory is al so very dependent upon 
the magnitude of Td. For comparison with the data, the value of Td is 
calculated through Equation 15, which may introduce some error. On 
the other hand, for 0.196 and 0.101 MPa, the correlation overpredicts 
the data for values of T less than 50 msec. This is expected, since 
Sakurai and Shiatsu (1977b) experimentally observed that at low 
pressure and small exponential period the boiling pattern of Type II 
is present. In the figures 76 through 81, the dotted line represents 
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the empirical correlation of Sakurai and Shiatsu (1977b), which is 
given by Equation 71 in Chapter VII. 
Figure 82 shows the comparison of the present corre 1 ati on with 
the _data of Kuroda (1979). The results are the same as the results of 
the comparison with the data of Sakurai and Shiatsu (1977b), since the 
same experimental set-up was used. The data of Kuroda (1979) for 
subcooled boiling is analyzed in the next section. 
The present theory is also compared to the data of Tachibana et 
al. (1968), as shown in Figure 83. In this experiment, flat ribbon 
heaters were used and the heat generation rate per unit surface area 
was increased linearly, as summarized in Chapter VII. Assuming that 
the quasi-steady conduction model may be used, Equation 109 is used to 
evaluate n, and the result is shown by the solid line. But, the 
experimental observations of Tachibana et al. (1968) show that the 
surface heat flux does not increase linearly as the heat genera ti on 
rate per unit surface area does and dq/dt is greater than dQs/dt after 
the initiation of boiling. This is illustrated by Figure 64 in 
Chapter VII. The present correlation overpredicts the data, which may 
be due to unknown hydrodynamics of the flat ribbon heater. In addi-
tion to the effect of non-quasi-steady conduction which was experi-
mentally observed, the discrepancy between the data and the present 
theory is possibly due to the inappropriate steady-state CHF model 
employed. For flat ribbon heaters, no liquid supply to the liquid 
layer during the bubble growth may not be very realistic. Further-
more, the calculation of ~d using a circular cylinder model is erron-
eous by itself. 
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The experimental study of Kawamura et al. (1970) was very similar 
to the experiment of Ta chi bana et a 1. ( 1968). Thus, the results as 
comp a red to the present theory a re the same. Si nee Kawamura et a 1 • 
(1970) investigated the effect of subcooling also, the data analysis 
is shown in the sec ti on where the effect of subcoo 1 i ng is theore-
tically studied. 
The data of Sakurai et al., (1970) are also compared to the 
present correlation, as shown in Figure 84. In this experiment, flat 
ribbon heaters of very small geometry (0.1 x 2.5 x 15mm) are used. 
Since the unstable Taylor wavelength is larger than the longest 
dimension, the geometry effects become dominant and the hydrodynamics 
become very complex. The experiments were simulating an exponential 
power increase; therefore, Equation 116 is used to calculate n. The 
present theory, in conjunction with the quasi-steady conduction model, 
is only good in predicting the general trend of the data, as shown in 
Figure 84. The discrepancy is expected to be due to theoret i ca 1 
difficulties mentioned above. Especially, the geometry effects due to 
such small heater geometries are thought to be the major source of 
error, since even the steady-state CHF is overpredicted by any of the 
commonly used correlations. Therefore, since the geometry effects are 
beyond the scope of the present study, the data analysis of this 
experiment for subcooled CHF is skipped. 
The experimental setup of Kataoka et al. (1983) was designed to 
study the transient CHF during forced convective boiling. In this 
setup, which consists of a verti ca 1 wire p 1 aced in a verti ca 1 fl ow 
channel, Kataoka et al. (1983) also obtained a set of data with zero 
.flow and zero subcooling. The comparison of the present theory to 
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this set of data is shown in Figure 85. Both the present theory and 
the empirical correlation of Kataoka et al. (1983) overpredict the 
data at 0.143 MPa. This is due to Type II boiling present at this low 
pressure. At 0.594 MPa, the present theory slightly overpredicts the 
data for values of T less than 50 msec. This may be attributed to the 
presence of non-quasi steady conduction. In Figure 85, the dotted 
line represents the empirical correlation of Kataoka given by Equation 
72 in Chapter VII. 
Transient CHF In Subcooled Pool 
Boiling During Power Transients 
The relation between the CHF and the subcooling is formulated by 
Ivey and Morris (Ivey 1962), as given by Equation 28 in Chapter III. 
If the variation of liquid density and ·liquid specific heat, with 
respect to the degree of subcooling are neglected, Equation 28 shows 
that the ratio of CHF in subcooled pool boiling to CHF in saturated 
poo 1 boiling is a 1 i near function of 6T SUB. In the context of the 
present study, the question of interest is whether the subcooling has 
the same quantitative effect on the transient CHF or not. 
Experimentally, it has been observed that, for a given pressure, 
as the subcooling increases, n decreases for the same rate of change 
of the surface heat flux. This result is also expected theoretically. 
A careful analysis of Equations 109 and 116 shows that, in each case, 
n is an increasing function of Td' which is defined as the hovering 
period of the bubb 1 e. For subcool ed boiling, however, it has been 
observed (Fand 1974) that the initiation, growth, and collapse of a 
bubble is faster than the initiation, growth, and departure of the 
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bubble for saturated boiling at the same pressure. Since the quantity 
Td is smaller for subcooled boiling, n is also smaller. In the rest 
of this section, a transient CHF correlation is developed. But this 
task requires an appropriate steady state CHF model for subcooled pool 
boiling. 
Steady-State CHF Model For Subcooled Pool Boiling 
Here, an attempt is made to model the subcooled pool boiling CHF 
in a similar fashion to the model of Haramura and Katto (1983). The 
model is based on the following postulates: 
a. The density and the specific heat of the subcooled liquid is a 
weak function of temperature, and they can be approximated by 
their value at the saturation temperature for the given pressure. 
This assumption is commonly used in thermodynamics, and it is 
considered to be quite accurate for moderate subcooling. 
b. Based on the first postulate, the ratio Av/Aw may be assumed to 
be unaffected by the subcoo 1 i ng, s i nee it is a function of the 
1 i quid density and it does not depend on the surface heat flux 
(Haramura 1983). 
c. The liquid layer thickness is dictated by Helmholtz' instability, 
and it is inversely proportional to the square of the surface 
heat flux, as stated by Haramura and Katto (1983), for saturated 
poo 1 bo i1 i ng . 
d. At high heat fluxes, near the CHF, the surface is crowded by many 
bubbles growing and collapsing continuously. 
e. During the bubble growth, there is no liquid supply to the liquid 
layer. The liquid layer receives some liquid when the bubble 
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collapses. The temperature of the supplied 1 iquid is equal to 
the temperature of the bulk liquid in the pool. 
f. The initiation of the new bubble after the collapse of the 
previous one is almost instantaneous. 
g. The CHF is reached if the liquid layer completely evaporates 
during the bubble growth period. 
Based on these postulates, the CHF may be mathematically formu-
lated as 
where -r9 is the growth period of the bubb 1 e, and o is the 1 i quid c,s 
layer thickness at CHF for subcooled boiling. This formulation 
assumes no liquid supply to the liquid layer during the growth period 
-rg' and when the liquid is supplied right before the growth period, it 
is at the bulk temperature. These are extreme idealizations. In 
reality, there may be a little liquid supply to the liquid layer 
during the growth period, which will tend to increase the CHF. On the 
other hand, when the liquid is supplied to the liquid layer, it is 
warmer than the bulk liquid, since part of the supply is from the 
thermal boundary layer. This effect tends to decrease the CHF. 
Furthennore, the 1 iquid needs to be superheated over its saturation 
temperature before evaporation. Therefore, these assumptions have 
counter-acting effects on the steady-state CHF. For the purpose of 
transient CHF analysis, the net effect of these assumptions is thought 
to be negligible. 
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In Equation 130, the quantity tg is difficult to estimate, since 
the hydrodynamics of subcooled boiling are not well understood. 
Therefore, an empirical approach is used to quantify tg. The other 
terms of Equation 130, however, may be quantified by using the previ-
ously stated postulates. pl is the liquid density in the liquid 
layer, and it is assumed to be equal to the density of saturated 
liquid at the same pressure, due to postulate (a). 
The critical liquid layer thickness may be related to the criti-
cal liquid layer thickness for saturated pool boiling, oc,o' at the 
same pressure, through the following relation: 
(131) 
This relation makes use of postulates (a) and (c). 
Using postulate (b), the quantity (1 - A /A) is assumed to be 
v w 
independent of the subcooling. Therefore, it remains the same as for 
saturated boiling. In order to estimate tg' the following form is 
assumed: 
The dependence of the growth period on the 1/5 power of the surface 
heat flux is carried over from the formulation of td by Haramura and 
Kat to ( 1983). 
Now, substituting Equations 131 and 132 into Equation 130, the 
following relation may be obtained: 
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x(qCHF,SS,00/qCHF,SS,O)ll/S (l/qCHF,SS,O) (lJ3) 
x(l + Cpf ~TSUB/hfg) 
The term within the brackets on the RHS of Equation 133 may be recog-
nized as qCHF,SS,OO from Equation 91. Thus, Equation 133 yields 
(134) 
Now the ratio qCHF,Ss,oolqcHF,SS,O may be obtained by using the 
semi-empirical correlation of Ivey and Morris (1962), which is given 
by Equation 28 in Chapter III. Therefore, combining equations 28, 128 
and 123, the growth period of the bubble in subcooled boiling may be 
related to the growth period of the bubble in saturated boiling at the 
same pressure. But, since the main objective of the present study is 
to investigate the transient CHF rather than developing a steady-state 
CHF model or testing the accuracy of the correlation by Ivey and 
Morris (1962), the ratio qCHF,Ss,oolqcHF,SS,O will be left in the 
final form of the equation for Tg' as follows: 
In all the transient CHF experiments analyzed in this study, the 
steady-state CHF for saturated conditions and at various subcoolings 
are also measured. Therefore, the measured quantities may be used for 
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comparison purposes, rather than relying on the semi-empirical corre-
lation (Ivey 1962) given by Equation 28. 
Transient CHF Correlation 
Using the proposed steady-state CHF model, a transient CHF 
correlation may be developed, using a procedure similar to the one 
used for developing the transient CHF correlation in saturated pool 
boiling. The total rate of change of the liquid layer thickness o c,s 
may be written as 
(do/dt) = MAX[I (ao/aq)(dq/dt) I, lq/f2(P) I J (136) 
where 
( 137) 
Equation 136 may be integrated through the same procedure as the 
integration of Equation 96, for 1 inear and exponential increases of 
the surface heat flux. The resulting equations of n are exactly the 
same as equations 109 and 116, if Td is replaced by Tg and qCHF,SS,OO 
is replaced by qCHF,Ss,o· Therefore, using the above substitutions, 
equations 109 and 116 may be used to predict the transient CHF in 
subcooled pool boiling. 
In the next sub-section, the correlations are compared to experi-
mental data. For comparison, the heat generation rate is again 
related to the surface heat flux through the quasi-steady conduction 
model discussed earlier. 
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Comparison With Data 
In Figure 86, the present theory is compared to the data of 
Kuroda (1979). The predictions are usually good, although the data is 
slightly underpredicted for 40 and 60 °K subcoolings. Considering the 
various simplifying assumptions made in the steady-state CHF model, 
this discrepancy is expected. For the most part, the prediction is 
within 10 percent. Between the simplifying assumption of the steady-
state model, the estimation of Tg and the quasi-steady conduction, the 
prediction is quite successful. 
The theory is a 1 so compared to the data of Kawamura et a 1. 
( 1970). In these experiments, the heater was a flat ribbon. Figure 
87 shows that even the saturated pool boiling data is poorly predicted 
by the present theory. The same poor prediction is found to be 
pertinent for the subcooled pool boiling data. The comparison at 40° 
subcooling is also shown in Figure 87. The comparisons at 20° and 70° 
subcoolings are similarly poor. The discrepancy in this case is very 
high, and the effect of the various boiling patterns may not be the 
unique reason for this. It is thought that the hydrodynamic model 
used is erroneous for fl at ribbon prob 1 ems. This matter is further 
discussed later in this chapter. 
Transient CHF in Forced Convective Boiling 
During Power Transients 
The problem of transient CHF in forced convective boiling during 
power trans_ient is theoretically studied by Serizawa (1983). Although 
Serizawa must be recognized for his unique and original approach to 
the problem, the author thinks that his method is unsatisfactory in 
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certain aspects of the problem. At this point, it may be necessary to 
discuss the ambiguities of Serizawa's approach before making an 
attempt for a new formulation. 
As summarized in Chapter VII, Serizawa (1983) formulates the 
steady-state CHF in the following form: 
(138) 
where Wfs is the 1 iquid supply rate at the steady state CHF level. 
A 1 though this formu 1 at ion is thought to be appropriate for forced 
convective boiling for vertical heater geometry and for pool boiling 
with long vertical heaters, it cannot be generalized. Equation 138 
suggests that, if Wfs is zero, qCHF,SS must be zero. This is obvi-
ously not true, based on the previous discussion of saturated pool 
boiling CHF. In saturated pool boiling, the steady-state model of 
Haramura and Katto ( 1983) proposes no 1 iquid supply to the 1 iquid 
1 ayer during the hovering period of the bubb 1 e at high heat fluxes 
near the CHF. By using this steady-state model, the author is able to 
predict the transient CHF quite accurately for horizontal heating 
surfaces, as seen in the previous sections. Therefore, Serizawa 's 
attempt to extend the formulation of Equation 138 to saturated pool 
boiling conditions and to try to correlate the data for such problems 
is thought to be possible, only because of the empiricism incorporated 
into the model. 
Furthermore, Serizawa (1983) postulates a model for transient 
CHF: 
218 
(139) 
If Wf is assumed constant between tCHF ,SS and tCHF ,TR' Equation 139 
yields the following: 
(140) 
In addition to the knowledge of q{t), the above formulation requires 
an explicit knowledge of the critical liquid layer thickness oc. 
Serizawa relates q{t) to Q(t) through the quasi-steady conduction 
model as previously discu.ssed. The critical 1 iquid layer thickness oc 
is empirically correlated by Serizawa by directly comparing the above 
model to transient CHF data. Besides this empiricism, Serizawa's 
model · may also be questioned because of neglecting the hydrodynamic 
effect on the rate of change of the 1 iquid layer thickness. As 
proposed by Haramura and Katto (1983), the liquid layer thickness is a 
function of the Helmholtz instability wavelength, which is, in turn, a 
strong function of the surface heat flux. Therefore, between tCHF,SS 
and tCHF,TR the liquid layer thickness changes not only due to evapor-
ation but also due to the change in the vapor velocity within the 
stems, which affects the Helmholtz instability wavelength. 
Finally, the author thinks that a constant liquid supply to the 
liquid layer is not realistic. This liquid supply, Wf' is related to 
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radial velocity fluctuations at the bubbly layer-core interface, and 
only the fluctuations larger than the vapor velocity flowing away from 
the surface can penetrate the bubbly layer, as postulated by Weisman 
and Pei (1983). Since the vapor velocity is a function of the surface 
heat flux, then Wf is a function of surface heat flux, which is, in 
turn, a function of time. 
In the following section, the above discussed items are incorpor-
ated into the transient CHF formulation. 
Transient CHF Correlation 
Similar to the earlier correlations for pool boiling, the rate-
of-change of the liquid layer thickness may be written as 
where 
This equation is similar to Equation 136 with the addition of the 
liquid supply term. As in the previous discussions, oc is related to 
the surface heat flux through the following relation: 
(143) 
The first two terms on the RHS of Equation 141 have the same physical 
meaning as in Equation 96. However, Equation 141 has an additional 
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third term on the RHS which mathematically models the liquid supply to 
the liquid layer. In order to integrate Equation 141, q and Wf must 
be known as a function of time. For an exponential power transient, 
using the quasi-steady conduction model, the surface heat flux may be 
expressed in the same exponential form, as given by Equation 110. In 
this section, the transient CHF correlation is developed for an 
exponential increase of the surface heat flux. 
Evaluation of the Liquid Supply Tenn, Wf. Wf is related to the radial 
velocity fluctuations for a given flow field. These radial velocity 
fluctuations are a function of the distance from the heater wall and 
the flow velocity outside the boundary-layer. The velocity fluctua-
tions which are of interest to the present problem are the ones at the 
liquid-bubbly layer interface. The bubble boundary layer, during 
power transients, may not be as we 11 deve 1 oped as in steady-state 
conditions. Therefore, the boundary-layer thickness may be less than 
for steady-state conditions, but this thickness remains constant 
between the time the surface heat flux reaches qCHF,SS and the time it 
reaches qCHF, TR. This is due to the fact that both phenomena occur 
during the same genera ti on of bubb 1 es. Thus, between tCHF ,SS and 
t th b bbl 1 th . k · t t and furthermore, t. he CHF,TR' e u y ayer 1c ness is cons an , 
flow velocity U does not change appreciably because of the nature of 
the transient, which implies that the radial velocity fluctuations 
remain essentially unchanged during this period. However, this does 
not necess~rily mean that the quantity Wf remains unchanged. Wf 
includes the only radial velocity fluctuations which can enter the 
bubbly layer. Weisman and Pei (1983) postulate that the only radial 
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velocity fluctuations ·that can enter the bubbly-layer are those which 
are larger than the vapor velocity vv which, in turn, is directly 
proportional to the surface heat flux. 
In orde~ to evaluate Wf, the expected value of the radial velo-
city fluctuations which enter the bubbly layer must be computed. It 
is assumed that the liquid which enters the bubbly layer eventually 
reaches the heater surface, due to the high turbulence within the 
bubbly layer. This assumption was successfully used by Weisman and 
Pei (1983) in the analytical formulation of steady-state CHF at low 
qualities. The expected value of v(t) may be expressed by 
00 
E(v) = J (v - vv)p(v)dv 
vv 
(144) 
where p{v) is the probability density function for the radial velocity 
fluctuations. A normal distribution for v is a realistic assumption 
(Weisman 1983). But, for the purpose of the present study, a normal 
distribution creates some computational difficulties. Here, a simpler 
distribution is assumed as: 
p(v) (145) 
where c1 is a constant and n' is an integer, such that n' ~ 3. This 
approximation may be quite accurate, if vv is larger than three 
standard deviations, i.e., the integration of Equation 144 is over the 
upper tail of the normal distribution. In the present problem, since 
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the surface heat flux is high, vv is expected to satisfy the above 
conditions. This approximation is illustrated in Figure 88. The term 
n' is restricted to values larger than 3 to yield the right probabi-
1 istic limit in Equation 144. Using equations 144 and 145, the 
following results may be obtained: 
where n = n' - 2. Since Wf is directly proportional to v, which is, 
in turn, directly proportional to q, wf may be formulated as: 
(147) 
where n is an integer such that n ~ 0. For n = 0, this obviously 
corresponds to the condition when Wf(t) is constant between tCHF ,SS 
and tCHF,TR. n = 00 corresponds to the condition where the liquid 
supply is equal to zero. 
Formulation of Transient CHF Correlation. In order to integrate 
Equation 141, first the switch-over point between the instability 
mechanism and the evaporation mechanism must be calculated. Similar 
to the procedure followed for saturated pool boiling, this point may 
be obtained by equating the slope of the instability line to the slope 
of the net evaporation line as follows: 
p(vl 
0.0 
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By using equations 110, 142, 143 and 149, Equation 150 may be written 
as 
(151) 
Defining the time constant of the CHF phenomenon for forced convective 
boiling, Tc' as 
(152) 
using Equation 143 and substituting qB by Bs qCHF,SS' as suggested by 
Equation 99, Equation 151 yields 
(153) 
When solved for Bs' Equation 153 always yields Bs > 1, for any 
positive, finite value of n, with two possible exceptions: if T ~ 00 , 
Bs is always equal to 1, but this case corresponds to the steady-state 
problem; and if n ~ 00 , the liquid supply term in Equation 150 vanishes 
and Equation 111 is recovered from Equation 153. Since Bs is always 
greater than 1, the following integral must be evaluated to determine 
the transient CHF: 
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t 
(o ) _ = j[82f1(P)(dq/dt)/q3]dt 
c t-tCHF,SS tCHF,SS 
(154) 
tCHF,TR tCHF,TR 
+ ~ [q/f2(P)]dt - f Wf/[pf(l - A /A )A ]dt t t v w w 
B B 
For an exponential power increase, and with the use of equations 142, 
143 and 149, the above integral may be evaluated to yield 
+ (1/n)[qCHF,SS T/f2 (P)][(l/q~HF,TR) - (1/q~)] (155) 
Finally, defining q8 = Bs qCHF,SS and using Equation 152, the final 
transient CHF correlation for forced convective boiling may be 
obtained as follows: 
(156) 
This equation, along with Equation 153, may be solved for n once the 
value of n is determined. In the above Equation, Tc is the time 
constant of the CHF phenomenon in forced convective boiling for the 
DNB mechanism. It is defined by Equation 152, and it physically 
represents the time required for the complete evaporation of the 
liquid layer, once the steady-state CHF level is reached. 
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If the same heater is horizontally placed in a pool of saturated 
liquid, Tc becomes Td' as previously defined. Mathematically, Tc may 
be related to Td as follows: 
The Effect of n on Transient CHF Correlation. Equations 153 and 156 
show that the va 1 ue of n depends upon the choice of n. Therefore, 
before these equations can be compared to data the value of n must be 
detennined. Another governing variable in equations 153 and 156 is 
-the ratio Tch. The effect of n on . the transient CHF for various 
values of Tc/T is shown in Table 13. In this table, n = o, n = 1, n = 
2, and n = oo are considered. Obviously, n is not restricted to 
integer values and may assume any positive real value. 
When n = o, this corresponds to constant liquid supply condi-
tions. Equations 153 and 156 reduce to 
B2 (8 - 1) = 2TC/T s s 
For n = 1 equations 153 and 156 reduce to 
For n = 2, equations 153 and 156 reduce to 
(158) 
(159) 
(160) 
(161) 
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TABLE 13 
THE EFFECT OF n ON n FOR VARIOUS VALUES OF Tc/T 
TC/T n for n=o n for n=l n for n=2 n for n=00 
5 3.75 3.61 3.51 3.23 
3 3.20 3.11 3.10 2.44 
2 2.89 2. 77 2.70 2.26 
1 2.4 2.29 2.20 1.89 
0 1 1 1 1 
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(162) 
and 
n
3 
- [(38; + B~ - 1)/(2B;)Jn2 + (B~/l) = 0 (163) 
/ 
When n + 00 Equation 153 becomes 
and Equation 156 yields 
For Bs < 1, n is given by 
n = 1 + 't /T 
c 
(164) 
(165) 
(166) 
Since n = 00 corresponds to no liquid supply, the resemblance of 
equations 164, 165, and 166 to equations 111, 114 and 115 is not 
surprising. The solutions of equations 158 through 166 are given in 
Table 13 for various values of -rc/-r. · 
Figure 89 shows the present correlation as compared with the data 
of Kataoka (1983) for various values of n. This set of data corre-
sponds to forced convective boiling data with saturated liquid flowing 
at a velocity U = 2.67 m/s and at a pressure 0.594 MPa. The data 
shows that for best predictions, n must be chosen between 2 and 00 , but 
n = 00 gives a close prediction. Hereafter, for comparing the correla-
tion with the data, n = 00 is used. Again, n = 00 means that there is 
no liquid supply. 
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Comparison with Data 
When n is set equal to 00 , Equation 156 reduces to Equation 116. 
This equation is valid when the surface heat flux is increasing 
exponentially with an exponential period T. This situation is present 
when the power generation rate increases exponentially and when the 
quasi-steady conduction model may be used to relate the surface heat 
flux to the power generation rate. In the rest of this section, 
Equation 116 is compared to forced convective boiling data, assuming 
the quasi-steady conduction model may be used. Figures 90 through 100 
show the present correlation compared to the data of Kataoka et al. 
(1983). The experimental setup of Kataoka et al. (1983) is summarized 
in Chapter VII. The figures are self-explanatory in terms of experi-
mental conditions like pressure, flow velocity, subcooling, and heater 
geometry. In all the cases, the agreement between the data and the 
present correlation is good. In general, the slight deviation between 
the data and the present theory may be attributed to various simpli-
fying assumptions made in analyzing the effect of subcooling as well 
as to the assumed choice of 00 for n in Equation 156. In these 
figures, the dotted lines show the empirical correlation of Kataoka et 
al. (1983) given by Equation 72. 
The present theory is also compared with the data of Aoki et al. 
(1974). In this experiment, vertical flow in an annulus was tested. 
The vertical heater of 5 mm diameter which experienced an exponential 
power transient was placed inside a tube with an inner diameter of 8 
mm. The minimum exponential period tested was about 50 msec. Since 
·the subcooling was low during these experiments, saturated conditions 
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Figure 96. Comparison of the Present Theory with the Data of 
Kataoka et al. (1983) 
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are assumed in plotting the present correlation. The agreement is 
again quite favorable, as shown in Figure 101. 
Surrmary of the Theoretical Transient CHF Predictions 
In this chapter, a transient CHF theory was developed for hori-
zontal heaters in pool boiling and vertical heaters in pool and forced 
convective boiling. For these two problems, it is observed that the 
mechanisms which lead to CHF during steady state conditions are 
different. The CHF mechanisms are illustrated in Figure 102. For 
pool boiling on horizontal heaters, the CHF is mathematically formu-
lated by equations 91 and 121. In this mechanism, there is no liquid 
supply to the liquid layer underneath the bubble during the bubble 
growth period. When the bubble departs from the surface, or when it 
collapses, the liquid layer replenishes to its maximum thickness 
detenni ned by the He 1mho1 tz instability. However, for boiling over 
the vert i ca 1 surfaces with or with out forced convective fl ow, the 
bubbles do not depart from the surface. They travel parallel to the 
heater surface, forming a bubble boundary layer. In this configu-
ration, the liquid layer may not be· reformed after the bubble departs, 
but it is continuously fed from the bulk liquid. Therefore, the 
liquid supply becomes the dominant CHF parameter, and the steady state 
CHF is formulated by Equation 138 as suggested by Serizawa (1983). In 
this chapter, the transient CHF is formulated by taking the liquid 
supply into account, and a general expression is developed as given by 
equations 153 and 156. However, the comparison of Equation 156 to 
transient CHF data suggests that n must be large and n = 00 is quite 
· successful in correlating the data. Physically, this suggests that 
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there is very little or no liquid supply to the liquid layer between 
tCHF,SS and tCHF,TR· Therefore, the liquid supply, although important 
during nucleate boiling, has minimal effect on the transient CHF. 
Therefore, these two situations are the extreme cases. There may be 
problems in which both mechanisms may be equally important. Small 
disk heaters placed in a pool of water, inclined surfaces with or 
without forced convective flow, horizontal surfaces with forced 
convective fl ow, flat ribbon heaters with sma 11 width and p 1 aced 
vertically in a pool of water are such candidates. 
The present theory has difficulty in correlating the data from 
flat ribbon heaters. This geometry is shown in Figure 103. In this 
problem with small vertical dimension, both mechanisms are important. 
There is a continuous liquid supply to the liquid layer from the 
bottom. On the other hand, when the bubble departs, the liquid layer 
may be reformed, s i nee the bubb 1 es do not b 1 ock the bubb 1 e 1 i quid. 
Therefore, for such a problem, the steady state CHF must be formulated 
to include both mechanisms. This, in turn, affects the transient CHF 
formulation. A further analysis of this problem is possible, but, 
since this geometry is not of specific interest to the nuclear 
industry, such an effort may be too academic, and it is not included 
here. 
For the problems mentioned above, with an exponential increase in 
the surface heat flux, the present theory may be expressed as follows: 
(167) 
· where Bs is given by: 
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(168) 
For pool boiling over horizontal surfaces and forced convective 
boi 1 i ng over verti ca 1 heaters, n is equa 1 to 00 is assumed, and the 
above equation reduces to Equation 116. 
When n = 0, Equation 168 reduces to Equation 159, which corre-
sponds to the physical situation where the liquid supply to the liquid 
layer is constant. This situation may arise in external flow situa-
tions, where liquid is supplied to the liquid layer either from the 
heater surface or by a liquid jet supplied through a nozzle located 
near the surface. No comparison with data is made for this case. 
In genera 1 , the present theory is quite success fu 1 in 
highlighting the governing physics of the transient CHF during power 
transients. It is quite successful in correlating the DNB data, and 
it is possibly more comp 1 ete than the theory deve 1 oped by Seri zawa 
(1983), due to the following reasons: 
a. It is purely analytical, as opposed to extensive empiricism used 
by Serizawa (1983) in formulating the liquid layer thickness. 
b. It incorporates the effect of Helmholtz instability wavelength on 
the liquid layer thickness, which is ignored by Serizawa (1983). 
If evaporation is assumed to be the only mechanism control 1 ing 
the liquid layer thickness, as suggested by Serizawa (1983), the 
data is very much overpredicted. 
c. The present theory suggests that the effect of liquid supply to 
the 1 iquid layer is zero (or minimal). 
The present theory, however, requires further improvements. The 
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following items are the ambiguous points of the present theory: 
a. The accuracy of Equation 15 in quantifying Td must be 
investigated. 
b. The use of an equivalent diameter for flat ribbon heaters in 
calculating Td may not be very appropriate. 
c. The various simplifying assumptions employed in calculating T in g 
subcooled boiling need to be justified in terms of their net 
contribution. 
d. The validity of the quasi-steady conduction requires further 
study. 
e. Finally, once all the above ambiguities are clarified, the exact 
value of n by direct comparison to data may be obtained. Thus, 
the effect of the liquid supply may be determined. 
The geometry of concern in nuclear reactors is a vertical heater with 
forced convective flow around it. Therefore, Equation 167 in 
conjunction with Equation 168 may be used to predict the transient CHF 
during power transients. As the subcoo 1 i ng and the fl ow ve 1 oc i ty 
increase, the ratio of transient CHF to steady-state CHF, denoted by 
n, decreases for a given exponential period T. Furthermore, in 
nuclear fuel rods, the quasi-steady conduction model is not as valid 
as in electrical heaters. During the conduction analysis of the 
problem, it is observed that the quasi-steady conduction model is 
possible if the dimensionless group [PCP R2/(k T)] is very small. In 
nuclear fuel rods, however, the radius is larger than the electrical 
heaters of the experiments studied here, and the thermal diffusivity 
(k/pCP) is smaller. Therefore, the quasi-steady conduction model is 
only possible for large exponential periods, in which case the steady-
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state CHF is close to the transient CHF. For small values of T, the 
above dimensionless group becomes large, and most of the generated 
energy remains stored within the fuel pellets. Thus, the surface heat 
flux increases at a slower rate than the heat generation rate, which 
again results in the transient CHF close to the steady-state CHF. 
Therefore, during power transients in nuclear fuel elements, the 
quasi-steady approach in determining the transient CHF is more accur-
ate than in electrical heaters. 
The present theory is concerned with DNB mechanism. This is due 
to the fact that, if there is not an annular flow at the onset of a 
rapid transient, the flow will not have enough time to adjust itself 
to an annular flow. However, if the annular flow already exists at 
the onset of transient, the above theory needs to be modified. 
Essentially, the liquid layer thickness cc needs to be redefined and 
the liquid supply term must be written in terms of deposition and 
entrainment coefficients. 
Finally, it must be understood that the present theory is di r-
ectly aimed towards the prediction of n. The author makes no claim of 
predicting the steady-state CHF through a preferred CHF correlation. 
Therefore, for comparison with the data, the experimenta 1 va 1 ues of 
steady-state CHF are incorporated into the present theory. However, 
by using an appropriate CHF correlation, it was also possible to 
predict these values within a reasonable margin, except for flat 
ribbon heaters. 
CHAPTER IX 
THEORETICAL CONSIDERATIONS OF HYDRODYNAMIC 
TRANSIENTS 
One major type of transient which is of interest to the nuclear 
industry, i.e., the power transients, is analyzed in the previous 
chapter. Rapid depressurization and rapid reduction of coolant mass 
flow rate are two other major transients which concern the nuclear 
industry. These transients, referred to as hydrodynamic transients, 
are analyzed in the present chapter. The analysis, however, is 
restricted to first principles. Closed- form transient CHF correla-
t i ans a re not deve 1 oped for hydrodynamic transients as is done for 
power transients. Although they are relatively more complex by 
nature, such correlations are not impossible and are suggested as 
future research. First, the rapid depressurization experiments are 
analyzed. 
Transient CH~ During Rapid Depressurization 
The two experimental studies aimed towards a fundamental 
understanding of transient CHF during rapid depressurization are the 
ones by Sakurai et al. (1980) and Aoki et al. ( 1974). These two 
studies yield conflicting results. The experiments of Sakurai et al. 
(1980) suggest that the transient CHF is smaller than the steady-state 
CHF, whereas, the experiments of Aoki et al. (1974) suggest the 
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opposite. In these two experiments, the nature of the boiling heat 
transfer problem is different. The study of Sakurai et al. (1980) is 
concerned with pool boiling, whereas, Aoki et al. (1974) studied 
forced convective boiling in channel flow. But the major disagreement 
between the results may not be attributed to this. In fact, there are 
important differences in the transient parameters which directly 
affect the results. Th~~e are: 
1. In the experiment of Sakurai et a 1. ( 1980), the transient is 
initiated at a non-boiling state, whereas, in the experiments of 
Aoki et al. (1974), the transient starts from a boiling state (or 
the heat flux is very close to the value for the initiation of 
boiling). Obviously, this results in considerable differences 
between the initial values of the CHF parameter in these prob-
lems. The maximum initial heat flux used by Sakurai et al. 
(1980) is 0.60 MW/m2, and the initial heat flux used by Aoki et 
al. (1974) is 2.90 MW/m2. The initial subcooling in the experi-
ments of Sakurai et al. (1980) ranged from - 80° to - 130°C. 
Aoki et al. (1974) used a maximum inlet subcooling as 74°C. At 
the exit, the subcooling was l·ower than this value. 
2. The initial pressures in the two experiments were also 
significantly different. Sakurai et al. (1980) used 1.90 and 
1.08 MPa as initial pressures, whereas, the initial pressure for 
the experiment of Aoki et al. was - 0.3 MPa. In both 
experiments, the re 1 eased pressure was the atmospheric pressure 
(0.1 MPa). 
3. The pressure reduction is faster in the study of Sakurai et al. 
(1980). The exponential periods range from 3.5 to 10 msec. In 
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the experiment of Aoki et a 1. (1974), the fastest reduction 
occurs for 74° inlet subcooling. The pressure reduction period 
corresponding to this case is - 25 msec. This value is 
approximated from Figure 67. 
4. The experimenta 1 results reflect the effects of these different 
parameters on the boiling mechanism. The transient CHF occurs 
during the growth of the first generation bubbles in the 
experiments of Sakurai et al. (1980). However, the transient CHF 
occurs during the growth of the second (or later) generation of 
bubbles in the experiments of Aoki et al. {1974). 
5. The results may also be compared in terms of the time constant of 
the CHF phenomenon. In Chapter 8 for power transients, this time 
constant is shown to be related to the bubble growth period for 
pool boiling and to the complete evaporation of the liquid layer 
in forced convective boiling. They are on the same order of 
magnitude, but with strong functions of pressure and subcooling. 
Therefore, the time constant of the CHF phenomenon is variable 
during rapid depressurization. But, at the released pressure 
with zero (or lower) subcooling, it is on the order of 20 to 30 
msec. In all the tests of Sakurai et al. (1980), the pressure 
reaches the atmospheric pressure in 1 ess than 25 msec, and the 
CHF occurs within 10 msec into the transient. However, in the 
experiments of Aoki et al. (1974), the fastest CHF is experienced 
at - 100 msec into the transient. 
6. Furthermore, in some tests the transient CHF reported by Sakurai 
et a 1. ( 1980) is not truly a CHF but may be referred to as a 
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temporary CHF. In all the tests of Sakurai et al. (1980), the 
power generation rate was kept constant. Thus, the quasi-steady 
surface heat flux must be constant. But, during the rapid 
transient, because of the imba 1 ance in the response time, the 
surface heat flux increases and reaches the transient CHF. When 
the pressure reaches the atmospheric pressure, the 
depressurization stops and the pressure remains constant. At 
this point, the boiling mechanism corresponds to transition 
boiling. But, since for heat flux controlled surfaces transition 
boiling is unstable, the boiling either returns to nucleate 
boiling or goes into the stable film boiling. The latter case is 
shown by Figure 69 in Chapter VII. The former case is illus-
trated by Figure 104. As seen in Figure 104, the temperature 
excursion which is typical of the CHF is not experienced for this 
case, and the heat flux recovers the quasi-steady va 1 ue with 
further decrease in the surface temperature. Thus, although 
transition boiling is temporarily experienced in this test, it is 
difficult to refer to the peak heat flux as CHF, since nucleate 
boiling is recovered at a later time into the transient. 
As this discussion suggests, the mechanism that leads to the 
transient CHF is rather complex and results from a complex interaction 
of various parameters. A complete analytical study of this problem is 
beyond the scope of this chapter; however, certain fundamenta 1 s a re 
illustrated. 
The experimental studies of Sakurai et al. (1980) and Aoki et al. 
(1974) suggest that the governing variable in the study of the trans 
ient CHF during rapid depressurization is 
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Histories During Rapid Depressurization (Sakurai 1980) 
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(169) 
During depressurization, the saturation temperature of the coolant 
decreases due to the decrease in pressure. At the same time, the 
heater wall temperature also decreases due to an increase in the 
convective heat transfer coefficient he. But, the relative measures 
of the rate of decrease in these temperatures is the dominant CHF 
parameter. If during the transient ( Lff SAT) CHF is reached, then the 
surface temperature becomes too high to sustain a stable liquid film, 
and the surface undergoes transition boiling. 
For small diameter heaters with low thermal storage capacity and 
high thermal conductivity, the heat balance equation may be written as 
( 170) 
In Equation 170 Q
0 
may be expressed in terms of the initial surface 
heat flux as 
Q = ·2q /R 0 0 ( 171) 
Then, Equation 170 becomes 
(172) 
where q(t) may be expressed as: 
(173) 
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The coolant temperature, Tc' is a function of time due to the 
removal of latent heat during homogeneous nucleation. In rapid 
depressurization homogeneous nucleation becomes possible, since a 
thicker layer of liquid becomes superheated due to rapid decrease in 
saturation temperature. But, this decrease in the coolant temperature 
may be negligible as compared to the other time dependent temperature 
terms. Thus 
(174) 
Using equations 113 and 174, the rate of change of the surface 
heat flux may be written as 
(175) 
If the transient is s 1 ow enough, the surface heat flux remains 
constant, since the heat generation rate is constant. Therefore, for 
quasi-steady conditions 
(176) 
if (1/hc)(dhc/dt) > - [1/(Tw - Tc)](dTw/dt), then dq/dt > O and the 
surface heat flux increases. Since dhc/dt is positive before the 
onset of the CHF, Equation 176 shows that dTw/dt must be negative. 
If, during this period (~TSAT)CHF is reached, the surface will undergo 
transition boiling. At that point, dhc/dt becomes negative and dTw/dt 
· becomes positive. Thus, the heat flux starts decreasing. When the 
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pressure reaches the released pressure and the transient stops, if 
q(t) is less than q0 , the boiling cannot return to nucleate boiling, 
since this requires an additional increase in h . This is the case 
c 
illustrated in Figure 69. However, it q(t) ~ q
0 
at the end of the 
transient, 1t is very likely that the boiling will return to nucleate 
boiling. This is a qualitative explanation of the experimental 
results of Sakurai et al. ( 1980). The strong dependence of the 
results on the initial heat flux q
0 
may also be explained through 
Equation 172. 
On the other hand, if (~TSAT)CHF is not reached within the bubble 
growth period, the first generation bubbles will be able to depart or 
collapse without the destruction of the stable liquid film on the 
heater surface. Under such conditions, the thennal boundary layer has 
ample time to readjust itself, and a quasi-steady temperature profile 
may be established. Thus, the average value of the surface heat flux 
reaches a constant which is the initial heat flux. In this case, in 
order to observe a CHF, the initial heat flux must be larger than or 
equal to the CHF at the released pressure. Consequently, the 
transient CHF is higher than the steady state CHF, since CHF is not an 
instantaneous phenomenon. Once the CHF conditions are reached, a 
short period of time is required for the complete evaporation of· the 
stable liquid layer over the heater surface. During this period of 
time, however, the pressure continues to decrease. If the pressure 
decay follows the ascending half of the CHF versus pressure curve as 
shown in Figure 9, the steady-state CHF corresponding to the pressure 
at complete dryout is lower than the actual CHF. This is illustrated 
by Figure 105. 
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. They are not quantified, but the above basic principles may be 
used to analyze the data. Although a semi-empirical approach may be 
incorporated into the above analysis through the data of Sakurai et 
al. (1980) and Aoki et al. (1974), such an effort is considered 
unnecessary by the author, simply because of certain inconsistencies 
observed in the data. For instance, Aoki et al. (1974) report that in 
a number of tests the transient CHF data was irreproducible. In the 
study of Sakurai et al. (1980), Figure 72 contradicts the conclusion 
of Sakurai et al. (1980), which states that the difference between the 
transient CHF and the steady-state CHF increases with decreasing 
exponent i a 1 period T. As observed in Figure 72, the transient CHF 
corresponding to an exponential period of 7.9 msec is lower than the 
transient CHF corresponding to 3.5 msec, although all the other 
experimental variables are almost the same. 
The above analysis is basically applicable to bubbly flow and 
pool boiling, since the analyzed data correspond to such problems. 
During a LOCA where the rapid depressurization becomes an important 
transient CHF parameter, the two-phase flow is of annular type. The 
same type of approach may, however, be valid for an annular flow the 
dryout. For an annular fl ow to be es tab 1 i shed before the onset of 
CHF, the surface temperature and heat flux histories must be similar 
to the results of Aoki et al. (1974). In this case, a similar result 
may be anticipated, whe·re the transient CHF is greater than the 
steady-state CHF. This is due to the fact that, after the onset of 
CHF conditions, some small period of time is required for a complete 
dryout of the liquid film. During this time, however, the pressure 
continues decreasing; thus, the steady-state CHF is lowered. The 
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difference, however, may be negligible for low values of dP/dt. In 
LOCA experiments, such low values are observed. Actually, this is 
expected, since obtaining an annular flow during a transient which is 
initiated at a non-boiling state may only be possible during 
relatively slow transients. Finally, although dP/dt is an important 
CHF parameter during LOCA, it is not the only parameter, and the rapid 
reduction in mass flow rate may be of equal importance. Thus, a 
comp 1 ete understanding of LOCA requ 1 res kn owl edge of the effect of 
rapid flow reduction on the CHF. This is investigated in the follow-
ing section. 
Transient CHF During Rapid Flow Reduction 
Flow transients are not studied in detail during the research. 
Furthermore, a systematic set of data for fast flow transients is not 
readily available in the literature. The studies of Cumo (1978) and 
his co-workers (Celata 1986) try to correlate the CHF in terms of the 
instantaneous inlet mass velocity. In doing so, for relatively faster 
transients, they need to attach a correction factor to the prediction 
of the steady-state correlation. However, this is not quite a correc-
tion factor to the quasi-steady prediction. In the quasi-steady 
approach, the local-instantaneous value of the mass velocity is 
calculated through a computer program, and this value is used in the 
steady-state correlation. In the experiments of Cumo et al. (1978) 
and Celata et al. (1986), the CHF mechanism is annular flow dryout. 
For this mechanism, with uniform heat flux, the CHF is expected at the 
tube exit even during transient conditions. However, at a given time, 
the exit mass velocity is greater than the inlet mass velocity, since 
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the former is the inlet mass velocity at a time earlier by one time-
transit parameter. This is shown in Figure 106. In this case, a 
prediction of CHF based on the inlet mass velocity is expected to be 
lower than the actual CHF, since the actual occurs at a location where 
the mass velocity is higher. This is a qualitative analysis of the 
correction factor in the empirical correlation of Cumo et al. (1978). 
A quantitative prediction of this correction factor, however, is not 
very easy, and it has to remain emp i ri ca 1 as in Equation 86. The 
difficulty arises due to the fact that dryout is very much dependent 
on history effects. Since the mass velocity is different at each 
axial location, the effect of this variable mass velocity on the 
deposition and entrainment parameters must be considered. Then, an 
integration must be carried over the entire channe 1 1 ength. The 
estimation of entrainment and deposition is a difficult task during 
transient conditions. 
Nevertheless, the correction factor may be empirically correlated 
as done by Cumo et al. (1978), or the actual mass velocity at 
time-to-CHF may be empirically obtained, as done by Celata et al. 
(1986). However, these experiments do not bring any insight into the 
quasi-steady approach. The fastest flow transient simulated in these 
experiments has a half-life period of 0.4 s. This corresponds to an 
exponent i a 1 period of .... 600 msec. This exponent i a 1 period is mu ch 
greater than the time constant of the CHF phenomenon, which is 
calculated to range from a few mi 11 i seconds to - 60 msec, depending 
upon the pressure, subcooling, and heater geometry. Thus, it is very 
likely that the quasi-steady approach is valid for these experiments, 
once the local-instantaneous mass velocities are calculated. For 
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faster transients, the flow may not have time to transform into an 
annular flow. In a DNB mechanism, the transient CHF may be larg-er 
than the CHF predicted by the quasi-steady approach. This is due to 
the fact that, once the CHF conditions are set, additional time is 
required for the complete evaporation of the liquid layer. But, 
during this period, the mass velocity continues decreasing. Thus, at 
the instant of CHF, the quasi-steady approach predicts a 1 ower CHF, 
resulting from this lower mass velocity. This is illustrated in 
Figure 107. 
Finally, the experiment of Ishigai et al. (1974) may be an 
example of a non quasi-steady CHF. But, in this experiment, the flow 
rate of the liquid phase is kept constant. The transient occurs as 
the rapid deceleration of the vapor core. The measured CHF is smaller 
than the predicted CHF. I sh iga i et a 1. (1974) theoretically and 
experimentally show that the difference between the steady-state CHF 
and the transient CHF is strongly related to interfacial shear stress. 
This automatically shows that the phenomenon is controlled by 
deposition and entrainment, rather than evaporation. The experiment 
of Ishiga1 et al. (1974) brings more insight into pressure transients 
than mass fl ow transients. In pressure transients, the drift fluxes 
may be quite important and may have a noticeable effect on the CHF. 
In this chapter, no closed form correlations for hydrodynamic 
transients are presented. However, even the above simple discussions 
may show the danger in blindly applying the quasi-steady approach to a 
rather complex situation such as a LOCA. 
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CHAPTER X 
A MATHEMATICAL MODEL FOR A TRANSIENT CHF 
CORRELATION 
In this chapter, a generalized transient CHF correlation is 
proposed. The correlation only suggests a general structure, and a 
complete quantification of such correlation requires a considerable 
amount of additional transient CHF data. For rapid depressurization 
and rapid flow reduction, the transient CHF data is limited. Thus, it 
is very difficult to empirically correlate the transient CHF for a 
wide range of parameters. Therefore, in this chapter, a relatively 
simple correlation is developed to best correlate transient CHF 
behavior. This development is based on the theoretical and analytical 
observations presented in the previous chapters. 
Based on the materi a 1 provided within previous chapters, the 
following additional CHF parameters may be used in a transient CHF 
correlation: the rate-of-change of the transient parameter, da/dt, the 
minimum time over which the steady-state heat fluxes are averaged, 
~t*, the initial value of the transient parameter at the onset of the 
transient, a , the initial heat flux, q , and the value of the CHF at 
0 0 
the onset of transient (qCHF,SS)t=o· Here a denotes a general para-
meter under transient such as pressure (P), mass velocity (G), or the 
power generation rate (Q). 
- 265 -
266 
For steady-state CHF, Katto (1978; 1979a; 1979c ), Ahmad (1973), 
Shah (1978), and many others have successfully used dimensionless 
groups in their empirical correlations. For a dimensionless transient 
CHF correlation, however, the following dimensionless groups can be 
used in addition to the steady-state groups: [qCHF,TR/qCHF,SS]' 
[ l(dP/dt) I Dit*/P(t)], [I (dG/dt) I Dit*/G(t)], [I (dQ/dt) I M*/Q(t)], 
[P(t)/Po]' [G(t)/Go], [Q(t)/Qo] and [(qCHF,SS)t=O/qo]. 
Assuming that any of the parameters P, G, or Q, denoted by a, 
follows an exponential transient in the form 
(177) 
Then lda/dtl becomes 
lda/dt) I = a{t)/T (178) 
Under-exponential transients, therefore, the recommended dimensionless 
groups reduce to 
l(da/dt) I 6t*/a(t) = 6t*/T (179) 
where 6t* is the time constant of the CHF phenomenon and T is the time 
constant of the transient. If the time constant of the transient is 
much greater than the time constant of the phenomenon, which can 
mathematically be stated as: 
T>>6t* (180) 
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t::.t*/T. ~ 0 (181) 
then the additional dimensionless number vanishes and the quasi-steady 
modeling of CHF becomes possible, as discussed by Nelson (Dahlquist 
1985). Thus, for exponential transients or for any type of transient 
where the time constant is defined accordingly as 
T. = 
a(t) 
da/dt (182) 
the proposed dimensionless groups physically compares the time 
constant of the transient to the time constant of the phenomenon. 
The dimensionless groups [a(t)/a
0
] measure the time into the 
transient. For an exponential transient given by Equation 177, the 
time into the transient is given by 
(183) 
where log denotes the natural logarithm. Therefore, the dimensionless 
groups [I (da/dt) I t::.t*/a(t,] and [a(t)/a
0
] may be used together to 
compare the time-into-the-transient, t, to the time constant of the 
CHF phenomenon, t::.t*, as follows: 
(t::.t*/t) = ± .[l(da/dt)I !:::.t*/a(t)]/log(a/a0 ) (184) 
The other dimensionless group L(qCHF,SS)t=O/q0 ] is related to the 
safety margin to CHF at the onset of a transient, and finally 
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[qCHF,TR/qCHF,SS] represents the relative inaccuracy of the quasi-
steady approach to transient the CHF problem. 
Therefore, a generalized transient CHF correlation may be written 
in terms of the steady-state CHF parameters plus the above transient 
parameters, as 
In Equation 185, a represents all the transient variables and the 
dimensionless groups containing a must be repeated for each variable. 
One physical trend Equation 185 needs to manifest is that as dP/dt, 
dG/dt and dQ/dt go to zero simultaneously while qCHF,TR needs to 
approach qCHF,SS,; thus n approaches 1. 
To develop an empirical transient CHF correlation, the data from 
a combined effect test where more than one parameter is under 
transient may be difficult to analyze. For this reason, separate 
effect test data where only one parameter is under transient are more 
convenient. In separate effect test data, if the database is large 
enough, the effect of da/dt on the transient CHF may be explicitly 
investigated. To do so, the data must be selected such that all the 
I 
parameters are the same except da/dt. For an a transient, Equation 
185 may be written as 
n = 1 + <f> a. 
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{186) 
where <f> is the transient contribution to the CHF, due to an a. tran-a. 
s i ent and it is a function of all the terms on the RHS of 
Equation 185. The form of Equation 186 suggests that when da./dt goes 
to zero <Pa. goes to zero. This type of an approach is very common in 
the literature tor expressing various non-equilibrium quantities, 
which may be expressed as an equilibrium quantity plus a perturbation 
term. Using the same concept, the proposed correlation expresses the 
transient CHF, which is a non-equilibrium quantity, as the 
quasi-steady CHF, which is an equilibrium quantity, plus a 
perturbation term, <Pa.. 
Theoretical and experimental observations suggest that when all 
the other parameters are fixed, <Pa. is a monotonically increasing or 
decreasing function of [ l(da./dt)I bt*/a.(t)], or (bt*/T), as 
specifically applied to exponential transients. To correlate such 
data, the common 11 best-fit 11 forms are as follows: 
<f> ,., exp(bt*/T) a. (187) 
(188) 
( 189) 
Another observation based on the previous chapters is that n is a 
slowly increasing or decreasing function of (bt*/T). Thus 
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d~ /d(6t*/T) << 1 
a 
(190) 
This stems from the fact that 6t* is usually a small quantity, on the 
order of milliseconds. Among equations 187, 188, and 189, the latter 
is more likely to satisfy this criterion over a wider range of T, with 
a proper choice of a . Therefore, ~ may be written as 
a a 
(191) 
where~ is the proportionality parameter and it is a function of the 
a 
dimensionless groups on the RHS of Equation 185, except [I (da/dt) I 
6t*/a(t)]. The term 6t* in Equation 181 is not readily available. As 
defined earlier, it is the time constant of the CHF phenomenon, and it 
is equivalent to the time required for complete evaporation of the 
stable liquid layer in a bubble crowding mechanism and the time 
required for complete dryout of the liquid film in annular flow, after 
the onset of CHF conditions. The term 6t* is a function of various 
s teady-s ta te CHF parameters; therefore, it can be incorporated into 
the~ term without a loss of generality. Hence 
a 
(192) 
Since Equation 192 yields ·a linear relation on a logarithmic scale, a 
standard least-square method may be used to correlate the data, over a 
given range of T. 
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To further investigate the fonn of Equation 192, the Taylor 
series of ~ may be analyzed 
a 
00 
~a= I(d~a/d1)1=1 (1 - Tl)i/i! 
i=l 1 
(193) 
where 11 is chosen large enough so that the quasi-steady approach is 
valid and ~a(1 1 ) is equal to zero plus or minus the allowable percent 
error in estimating the CHF (say 15 percent). With the previous 
assumptions such that ~ is a monotonically and slowly increasing (or 
decreasing) function of 1, it is likely that the above Taylor series 
is rapidly convergent. For instance, the range of 1 may be chosen 
such that over this range the data may exhibit an almost constant 
curvature. The curvature of a function at a given point may be 
written from elementary calculus as 
(194) 
Previously, it was assumed that 
I d ~ /d(At*/1) I << 1 
a . 
(195) 
Then, Equation 195 may be written 
chain-rule, so that 
in terms of d~ /d1 by using the 
a 
(196) 
Since At* is a small quantity, for many relatively fast practical 
problems of practical interest 1 is on the same order as At*. In this 
case, the following conclusion may be drawn: 
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l(d<t> /d·r) I« 1 
a. 
(197) 
Consequently: 
Therefore, if the data is correlated over a t range where the 
curvature is almost constant, then in the Taylor series expansion of 
Equation 193, the terms with i > 2 drop. Thus 
Now, if cp is approximated by Equation 192, Equation 199 yields 
a. 
(200) 
where t 2 ~ t ~ t 1, such that in this range, the curvature remains 
constant. Furthermore, the above Taylor series approximation suggests 
that 
(201) 
which, in turn, suggests 
* T 
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But this is expected since T* is on the order of ~t*. 
(202) 
The above manipulations obviously do not constitute a rigorous 
proof to the proposed structure. The validity of this form for power 
transients is supported by the empirical correlations reported in 
Chapter VII and the theoretical considerations of Chapter VIII. 
However, a similar abundance of data for pressure and mass flow rate 
transients is not available, and similar empirical correlations are 
missing in the literature. Neverthe 1 ess, it is the author's 
contention that the proposed form, a 1 though it may not be the most 
accurate form, may be used as an improvement to the quasi-steady 
approach over a given range of variables which are of interest to 
practical problems. In other words, the term ~a. may be regarded as an 
approximate correct ion factor on the quasi-steady approach. There-
fore, for a separate effect transient, the following form is 
suggested: 
where 
n = 1 + ~ 
a. 
(203) 
(204) 
The parameters ~ , a and T* remain to be empirically determined for 
a. a. 
various transients of interest, such that a. is either P, G, or Q. 
Once the functions ~ and the constants a and T* are empirically 
determined, the empirical correlations for power, flow rate and 
pressure transients may be obtained separately. Although these 
separate effect correlations may be useful in some problems, most 
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practical problems arise as combined transients. In case of a LOCA 
with scram, for instance, the pressure, mass velocity,and local heat 
flux are a 11 varying at the same time. Therefore, a more genera 1 
combined effect transient correlation is required. Assuming that the 
transients are applied on a one-at-a-time basis, the following form 
for a combined transient correlation 1s suggested: 
(205) 
where <f>p , <f> G and <f> Q correspond to pressure, fl ow, and power tran-
sients, respectively. Physically, Equation 205 implies that the 
combined transient CHF behavior may be modeled as a combination of the 
separate effects on the CHF. The above combination fonn is suggested 
mathematically if one-at-a-time applications of the separate effects 
may be assumed. Such an assumption, therefore, the form of Equation 
205, may not be absolutely correct. This remains to be further 
investigated by direct data comparison. However, it is believed that 
the above simple form may bring considerable improvement on the 
quasi-steady approach. This form is obtained by first applying the 
pressure transient, for instance. Then the transient CHF becomes 
(206) 
Now, taking this value of transient CHF as the steady-state value and 
applying the mass velocity transient, it gives 
(207) 
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And finally applying the power transient, the transient CHF assumes 
the form given by Equation 205. 
Defining a dimensional transient contribution parameter ~ as 
~ = (208) 
and applying the transients on a one-at-a-time basis, as previous 1 y 
done, Equation 208 takes the form 
qCHF,TR = qCHF,SS + ~p + ~G + ~Q (209) 
This form of the equation, with superpositions of individual transient 
contributions, was reported by the author (Gunnerson 1984). Although 
it is a valid form for separate eftect conditions, it is rather tricky 
in use for combined-effect transients. To illustrate this fact, the 
previous example about the one-at-a-time application of individual 
transients may be used. When the pressure transient is first applied, 
the transient CHF becomes . 
qCHF,TR = qCHF,S~ + ~p (210) 
Now to apply the flow transient, every qCHF,SS term inherent within ~G 
must be replaced by qCHF,SS + ~p· Sometimes this may be impossible, 
due to the empi ri ca 1 nature of ~G which may make the qCHF ,SS term 
unrecognizable. Therefore, a combined CHF transient is more practical 
in its form given by Equation 205 than by Equation 209. However, at 
this point, Equation 205 may only be regarded as an improvement to the 
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quasi-steady approach. It satisfies the fundamental physical limits, 
but a complete justification requires more experimental data. 
CHAPTER XI 
SUMMARY AND CONCLUSIONS 
In this study, the Critical Heat Flux during transient conditions 
was investigated. The necessity and the practical significance of 
such an investigation is introduced in Chapter I. Such a study 
requires a so 1 id phys i ca 1 understanding of the CHF prob 1 em. There-
fore, a brief overview of the genera 1 as pee ts of the CHF prob 1 em is 
presented in Chapter II. Chapter III summarizes the theoretical 
models of steady-state CHF. These models are later used in the 
analysis of transient CHF. The present study is mostly aimed towards 
the requirements of the nuclear industry. Hence, the possible acci-
dent situations which result in thermal-hydraulic transients in LWRs 
are summarized in Chapter IV. Since the problem of interest belongs 
to the general category of conjugate problems, these types of problems 
are discussed in Chapter IV. The quasi-steady approach, which is a 
commonly-used solution technique for a conjugate problem, is also 
introduced in the same chapter. 
The application of the quasi-steady approach to predict the 
transient CHF was discussed in Chapter VI. In this chapter, certain 
steady-state CHF correlations are compared to transient CHF data 
compiled from blowdown experiments by Leung (1980). For this purpose, 
a simple, one-dimensional finite-difference program CODA is used. 
This program is developed by Gallivan and Leung (Leung 1980). 
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Chapter VI contains a summary of the studies of Leung (1980) and Lo 
(1984), and it is supplemented by a previous study conducted at the 
University of Central Florida (Gunnerson 1984). The results of CODA 
suggest that the CISE, Biasi and Griffith-Zuber correlations are 
perhaps best suited to predict the blowdown behavior, and the Bowring 
and Biasi correlations are successful in predicting the flow transient 
data. However, a detailed analysis of the results show that they 
generate more open-ended questions than satisfactory answers. The 
author's conclusion is that such results cannot be generalized. 
Between the uncertainties of the empirical correlations and the 
experimental data and the simplifying assumptions of the CODA program, 
the results should only be considered as a rough estimate. Special 
care is required in applying the results of CODA to various other 
transient conditions. A detailed discussion of these results is also 
presented in Chapter VI. 
The present study is mostly concerned with fast transients where 
the CHF cannot be predicted through the quasi-steady approach. For 
such transients, examples from the literature are summarized in 
Chapter VII. This chapter includes examples of CHF studies during 
power transients, rapid depressurization, and rapid flow reduction. 
In Chapter VIII, a theory is developed to predict the CHF during 
power transients. The developed theory covers a wide variety of 
problems, including saturated and subcooled pool boiling over flat 
surfaces and horizontal wires and forced convective boiling along a 
vertical cylindrical heater. For such problems, the theory is 
successfully compared to existing data. All these data are provided 
from electrical heaters. Unfortunately, no separate effects data from 
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fuel rods is available. But, the application of the developed theory 
to nuclear fuel rods is possible, and a discussion of this is pre-
sented within the same chapter. 
In Chapter IX, the CHF during rapid depressurization and rapid 
flow reduction is analyzed, based on first principles. The effect of 
phenomenological time constants on such problems is discussed. Such 
problems are more complex than the CHF problem associated with power 
transients. Furthermore, the test data is less abundant. Therefore, 
no closed-form transient CHF correlations are obtained for hydro-
dynamic transients in the present study. Although re 1ative1 y more 
difficult, it is not impossible to obtain correlations similar to 
power transient CHF correlations. The author believes that today's 
state of knowledge of the CHF is strong enough to theoretically handle 
such problems. 
Finally, the important parameters of the transient CHF are 
identified in Chapter X. These parameters are combined into dimen-
sionless groups, and the physical significance of each group is 
discussed. The author be 1 i eves that a general transient CHF corre-
1 ati on may be developed only if the individual effect of various 
parameters may be i dent i fi ed. Therefore, the first step in such a 
task must be to develop individual correlations for separate effect 
tests. Based on the theoretical and experimental observations of the 
previous chapters, a general form for such correlations is suggested. 
The suggested form agrees reasonab 1 y we 11 with the data from power 
transients. For the other transients, the quantification of the 
proposed form requires extensive data. Once the separate effect 
correlations are obtained, they may be combined through a one-at-
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a-time application to obtain a generalized form for a combined effect 
transient. Extensive test data are required to quantify this corre-
lation and to check its validity. Then again, the suggested form may 
not be the best. However, the author suggests that, although it may 
not be the idea 1 farm, the proposed farm may bring a not i ceab 1 e 
improvement on the quasi-steady approach. 
The primary objective of the present study was to investigate the 
limitations of the quasi-steady approach in determining the CHF during 
transient conditions. Thus, one must assume that once the 
requirements are satisfied, the quasi-steady approach can accurately 
predict the CHF. The inherent conclusion of such an assumption is 
that the steady-state CHF correlations can accurately predict the 
steady-state CHF. However, it is a known fact that all the existing 
correlations, even when applied within the suggested range of para-
meters, involve a high inaccuracy. Hence, the prediction capability 
of the quasi-steady approach is restricted by the accuracy of the CHF 
correlations. The improvement of the steady-state CHF correlations is 
beyond the scope of the present study. Therefore, the present study 
assumes that the steady-state CHF can be accurately predicted by the 
available correlations. 
The present study includes the analysis of the effect of power 
transients, rapid depressurization from the non-boiling state, rapid 
depressurization from the boiling state, rapid flow reduction, and 
sudden dece 1 erat ion of vapor core when the 1 iqu id film fl ow remains 
constant. For these cases, a qualitative relation between steady-
state CHF and transient CHF is shown in Table 14. Power transients 
for the dryout mechanism and the rapid depressurization dryout mechan-
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TABLE 14 
QUALITATIVE RELATION BETWEEN qCHF,SS AND 
qCHF,TR FOR VARIOUS TRANSIENTS 
Type of Transient 
POWER TRANSIENTS 
RAPID DEPRESSURIZATION 
From Boiling State 
From Non-Boiling State 
RAPID FLOW REDUCTION 
DNB 
Sudden Deceleration of Vapor 
Core, Where the Liquid Film 
Flow is Constant (Annular Flow) 
n ~ 1 
n ~ 1 
n ::;; 1 
n ~ 1 
n < 1 
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ism are not included in this table, because no similar data were 
examined in this study. Further experimental and theoretical research 
is required to complete Table 14. 
With Table 14 and the generalized CHF correlation given by 
Equation 205, the 1 imitations of the quasi-steady approach may be 
explicitly obtained. Before this is done, however, a blind appli-
cation of the quasi-steady approach may lead to erroneous conse-
quences. This is referred to as the "coincidence hypothesis" in an 
earlier publication (Gunnerson 1984), and it is illustrated in Figure 
108. 
Figure 108a shows a rapid depressurization with scram. After the 
initiation of boiling, a rapid depressurization tends to increase the 
CHF, whereas, a rapid power reduction decreases the CHF. However, the 
relative effect of individual transients may cancel each other, and 
the transient CHF may be successfully estimated by the quasi-steady 
approach. Now, if one wants to draw a conclusion out of this 
experiment, such that at the given rate of depressurization, for 
instance, the quasi-steady approach is valid, this would be erroneous. 
Because, in an experiment with the same rate of depressurization, but 
this time without scram, the measured CHF would be larger than the 
value predicted by the quasi-steady approach. This is illustrated in 
Figure 108b. 
Therefore, a successful modeling of transient CHF strongly relies 
on a complete physical understanding of the CHF mechanism. Once the 
dynamic nature of the CHF phenomena can be physically modeled in terms 
of its time constants, the transient CHF problem will cease to be a 
challenge. The fact that the author is able to analyze the power 
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Figure 108. Qualitative Illustration of Coincidence Hypothesis 
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transients based on first principles, and despite the simplifying 
assumptions, his success in correlating the various data, encourages 
further research. A complete understanding of the CHF phenomenon 
requires a proper definition of its time constants. These time 
constants, in general, are not as small as the time constants of the 
single-phase convection and they may have a significant effect on CHF 
measurements. 
The two most important CHF mechanisms are DNB and dryout. For 
those, the time constants are defined in the present study as the time 
required for the comp 1 ete evaporation of the 1 i quid 1 ayer and the 
liquid film, respectively. The time ~onstant of DNB is quantified in 
Chapter VIII. It is a strong function of pressure, subcooling, heat 
flux and the heater geometry. For the cases studied in Chapter VIII, 
the value ranges from a few milliseconds to - 50 milliseconds. Such 
quantification is not done for dryout, since it requires a knowledge 
of the complex interaction of entrainment and deposition terms. 
Nevertheless, it is expected to be on the same order as the time 
constant of DNB. 
Identifying the time constants of the CHF and incorporating these 
time constants into the CHF correlations not only makes the transient 
CHF analysis possible, but it may also help explain the large un-
certainties associated with the CHF correlations. To illustrate this, 
the saturated pool boiling CHF model of Haramura and Katto (1983) may 
be examined, since it is a good and possibly a unique example of a CHF 
model written in terms of its time constant. This is given by Equa-
tion 19 in Chapter III. The model (Haramura 1983) basically assumes 
that the CHF occurs if the liquid layer completely evaporates at the 
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end of the bubble hovering period Td. Therefore, the proposed value 
of the CHF is a time-averaged value over Td' and it is assumed to be 
constant over the period Td. This, on the other hand, means that the 
rate of change of the liquid layer is constant over the period Td as 
shown by Figure 109. 
In rea 1 i ty, however, do/dt may not be constant. One of the 
postulates employed in the model (Haramura and Katto 1983) is that, as 
soon as one bubb 1 e departs another one is f onned almost i nstantan-
eous ly. This obviously requires a large value for do/dt in the 
beginning of the hovering period Td. The exact functional form of 
do/dt is difficult to obtain, but it is very likely that it is not a 
constant. As a guess for illustration purposes, the following form 
may be assumed: 
( 211) 
where 
Since, in saturated pool boiling, the heat flux is directly 
proportional to do/dt, q(t) may be written as 
This hypothetical case is illustrated in Figure 110. As shown, 
a 1 though the avercrne heat flux is again qCHF ,SS, the time-dependent 
heat flux spans from zero to twice the average value. Thus, the 
measured va 1 ue may be anywhere within this range. Obviously, the 
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Figure 109. The Liquid Layer Thickness and the Heat Flux as a Function 
of Time Based on the Model of Haramura and Katto (1983) 
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Figure 110. An Hypothetical Variation of Liquid Layer Thickness and 
Heat Flux With Respect to Time 
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assumed mode 1 is not rea 1 is tic by any means and it is chosen to 
illustrate the concept. Nevertheless, it clearly illustrates the 
effect of the averaging process on the actual value of the CHF. 
It is the author's hope that the present study has some degree of 
contribution in the understanding of the CHF phenomenon. This contri-
bution may be minor or major, and the author believes that this 
decision may only be made in accordance to its impact on contributing 
to future research. According to the author, the major conclusion of 
the present study is neither the developed theory for power transients 
nor the discussion of the quasi-steady approach, but the fact that it 
clearly shows the necessity and potential success of further theore-
tical research in this area. The present study may be valuable in 
showing that such analytical studies are possible and may generate 
useful results. 
APPENDICES 
APPENDIX A 
CHF CORRELATIONS 
This appendix contains the various empirical CHF correlations 
referenced within the text. These are: 
1. Local Barnett Correlation 
2. Babcock-Wilcox Correlation (BWC) 
3. Babcock and Wilcox-2 Correlation (B & W-2) 
4. Biasi Correlation 
5. Bowring Correlation 
6. Combustion Engineering-1 Correlation (CE-1) 
7. Centro Informazioni Studie d'Experience Correlation (CISE) 
8. Condie Mod-7 Correlation 
9. EPRI Correlation 
10. General Electric Correlation (GE) 
11. Hsu-Beckner Correlation 
12. Katto Correlations 
13. Loss-of-Fluid Test Correlation (LOFT) 
14. Savannah River Correlation 
15. Westinghouse-3 Correlation (W3) 
16. Griffith-Zuber Correlation (G-l) 
17. Modified Zuber Correlation (MZ) 
All the correlations in this listing are in English units, except 
for the Katto Correlations which are in terms of dimensionless groups. 
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The following units are used in various parameters: 
d: Rod Diameter (Hydraulic or Equivalent) 
L: Tube Length 
P: Pressure 
G: Mass Flux 
h: Various Enthalpy Terms 
qCHF: Critical Heat Flux 
T: Temperature 
inches 
inches 
psi a 
lbm/ft2-hr 
Btu/lbm 
Btu/hr-f t 2 
OF 
In this appendix the nomenclature is the same as the main text 
unless it is otherwise defined. Usually, the empirical constants are 
copied from the ori gi na l reference and may be conflicting with the 
general nomenclature. 
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Local Barnett Correlation (Barnett 1966) 
6 A + B (hf x) qCHF = lO C g (Al) 
where: 
A= 69.40 d~E751 G10 · 226 [1.0 - 0.672 exp (-6.09 dHyG')] 
B = -0.250 dHE G' 
C = 165.9 d~y246 G'0.329 
with G' = G/106 
The parametric ranges are given as: 
dHE: 0.0215 to 0.316 in 
dHY: 0.01058 to 0.0729167 in 
L: 24 to 108 in 
P: 1000 psia 
G: 0.14 x 106 to 6.20 x 106 lbm/ft2-hr 
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Babcock-Wilcox Correlation (Lo 1984) 
where: 
-6 Al = 0.309191 x 10 
-5 A2 = 0.388223 x 10 
A3 = 0.964882 
-3 A4 = 0.301423 x 10 
-7 A5 = 0.554836 x 10 
A6 = 0.727729 
-4 A7 = 0.189646 x 1~ 
-8 A8 = 0.175233 x 10 . 
(A2) 
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B&W-2 Correlation (Gellerstedt 1969) 
(A3) 
where: 
a = 1.155 
b = 0.407 
A = 1 0.37 x 10
8 
A -2 - 0.591 x 10-
6 
A = 3 0.830 
A -4 - 0.685 x 10-J 
A = 5 12. 71 
A = 6 0. 3054 x 10-
5 
A = 7 0. 712 
A = -3 8 0.2073 x 10 
A = 9 0.1521 
The parametric ranges are given as: 
P 2060 to 2440 psia 
G 0. 7 x 106 to 4 x 106 .lbm/hr-ft2 
x -0.03 to 0.20 
d 0.2 to 0.5 in 
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Biasi Correlation (Biasi 1967) 
This correlation consists of two equations, and the qCHF value is 
given by the higher of the two values. 
For low quality region: 
= 2. 63 x 10 7 [ 4. 43 F ] 
qc (2. 54d)n G0.167 G0.167 - x 
(A4) 
For high quality region: 
9 qc = 2.506 x 10 H (l _ x) 
(2.54d)n G0•6 
(A5) 
where n = 0.4 for d ~ 0.394 in 
n = 0.6 for d < 0.394 in 
F = 0.7249 + 6.83 x 10-3 P exp {-2.21 x l0-3P) 
H = 1.159 + 1.028 x 10-2 P exp (-1.31 x l0-3P) + 130 P/(2100 + P2) 
6 2 . For G < 0.2 x 10 lbm/ft -hr, Equation A5 is always used. The 
parametric ranges are given as: 
D: O .118 to 1.476 in 
L: 8 to 236 in 
P: 40 to 2000 psia 
G: 0.08 X 106 to 4.43 x 106 lbm/ft2-hr 
x: 1/(1 + pf/pg) to 1 
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Bowring Correlation (Bowring 1972) 
Gd hf 
qCHF = 4C g (A - x) 
Where: 
A = 2.317 F1/(l + 3.092 F2 do.
5 G') 
C = 104.4 F3 dG'/(1 + 0.347 F4 G'n) 
with G 1 = G/ 106 
for P ~ 1000 psia 
18 942 F1 = {PR • exp [20.89 (1 - PR)] + 0.917}/l.917 
F2 = 1.309 F 1/{P~· 316 exp [2.444 (1 - PR)] + 0.309} 
F3 = {P~ 7 · 023 exp [16.658 (1 - PR)]+ 0.667}/l.667 
F = F pl.649 
4 3 R 
for P > 1000 psi 
-0.368 F1 = PR exp [0.648 (1 - PR)] 
0.448 F2 = F1 PR /exp [0.245 (1 - PR)] 
F = P0.219 
3 R 
F = F pl. 649 
4 3 R 
with PR = P/1000 
The parametric ranges are given as: 
P: 29.4 to 2793 psia 
G: 0.10 x 106 to 13.7 x 106 lb/ft2-hr 
(A6) 
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CE-1 Correlation (CENPD 1977) 
where: 
B1 = 405.32 
82 = -9.9290 x 10-2 
83 = -0.67757 
-4 84 ~ 6.8235 x 10 
85 = 3.1240 x 10-4 
-2 86 = -8.3245 x 10 
with G' = G/ 106 
The parametric ranges are given as: 
p 1785 to 2415 psia 
x -0.16 to 0.20 
G 6 0.87 x 10 to 3.21 x 106 lbm/hr-ft2 
Ti: 382 to 644°F 
dHE: 0.4713 to 0.7837 in 
L : 84 to 150 in 
(A7) 
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CISE Correlation (Bertoletti 1965) 
The first form of the CISE correlation, CISEl correlation, is 
written as: 
4a3ahfg (a _ x) 
da.4(-1 + 1/P )a.4 
r 
(AB) 
where: a= (1 - Pr)/(1.356 x 10-6 G)o. 333 
with Pr= P/Pcr 
Per being the critical pressure 
This correlation is subsequently modified to yield the right 
limit at low flow. 
if G > G*, a 
if G < G*, a 
G* = 2.49 x 106(1 - P )3 
r 
= (1 - Pr)/(1.356 x 10-6 G)a. 333 
1 
=-----.....-----~ 
1 + 0.2 x 10-6 G/(1 - P )3 
r 
This is designated as the CISE4 correlation. 
The parametric ranges are given as: 
P: 65.5 to 217.5 
G: 0.07 x 1a6 to 3.a x 1a6 lbm/ft2-hr 
x: -a.a to 1.a 
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Condie Mod-7 Correlation (Condie 1978) 
6 (G')[0.17751n(l+x)] qc = 8.0793 x 10 (A9) (l + x)3.3906 P0.3234 
with G' = G/106 
The parametric ranges are given by: 
P: 440 to 2500 psia 
G: 0.05 x 106 to 3.5 x 106 lbm/ft2-hr 
x: -0 .1 to 1. 0 
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EPRI Correlation (Columbia University 1982 & 1983) 
A - x. 
- 1 qCHF - C + [(x1 - x1.J/q1 ] OC OC 
(AlO) 
where qloc and x10c are local heat flux and quality, respectively 
pl = 0.5328 
p2 = 0.1212 
P3 = 1.6151 
p 4 = 1.4066 
P5 = 0.3040 
p6 = 0.4843 
P7 = -0.3285 
P8 = -2.0749 
The parametric range of EPRI Correlation is as follows: 
Local Mass Flux, G 
Pressure, P 
Local Quality, x10c 
Inlet Quality, x. 
1 
Hydraulic Diameter, dHY 
Heated Diameter, dHE 
0.2 to 4.1 M.lbs/hr-ft2 
200 to 2450 psia 
-0.25 to 0.75 
-1.10 to 0.0 
0.35 to 0.55 in. 
0.25 to 0.55 in. 
EPRI Correlation - continued 
Length, L 
Rod diameter 
Number of Rods 
Radial Profile 
Axial Profile 
Subchannel Type 
Rod Bundle Type 
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30 to 168 inc. 
0.38 to 0.68 in. 
9(3x3) to 25(5x5) 
Uniform and Non-Uniform 
(Radial and Corner Peaking) 
Uniform 
Matrix Channels only 
PWR and BWR (With and 
Without Unheated Rods) 
If the cold-wall correction factor is required, the correlation 
is modified as follows: 
CF + 
c 
where, FA and Fe are cold cold wall correction factors 
and, 
F - G0.1 A -
(All) 
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EPRI Correlation - continued 
Parameter Ranges: 
Pressure: 600 to 1500 psia 
Local Mass Flux 0.15 to 1.4 M. lbs/hr-ft2 
Local Quality: 0.0 to 0.70 
Subchannel Type: Corner Subchannels Only 
If the grid-spacer factor is required, the correlation is 
modified as follows: 
qCHF = CF + g 
A - x. 
1 
The term Fg is the grid spacer correction factor. 
(A12) 
Optimization of Fg in terms of grid loss coefficient Cg resulted in 
the following grid correction factor: 
For standard grids the grid loss coefficient is approximately equal to 
one. Therefore, for these grids the grid correction factor becomes 
one. 
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GE Correlation (Slifer 1971) 
6 qCHF = 10 (0.84 - x) 
if G < 0.5 x 106 lbm/hr=ft2 
q = 106(0.80 - x) 
c 
if G ~ 0.5 x 106 lbm/hr-ft2 
The parametric ranges are given as: 
P: 880 to 1323 psia 
G: less than 0.5 x 106 lbm/ft2-hr 
x: O to 0.84 
(A13) 
(A14) 
where: 
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Hsu-Beckner Correlation (Hsu 1978) 
qCHF - qsteam 
qW-3 - qsteam 
x=O 
q = h (T - T ) steam D-B W SAT 
h0_8 = Dittus-Boelter heat transfer coefficient for steam 
(A15) 
qW_3 = 0.955 x 10
6{[1.04 + 0.148 x l0-6GJ[2.192 - 0.53 x l0-3PJ 
x=O [0.2664 + 0.9357 exp (-3.15/d)]l 
Since qsteam is small compared to qCHF and qw_3, it can be 
X=O 
dropped. Hence, Equation A15 becomes: 
qCHF = qW-3 [1.76 (0.96 - Bv)Jl 
X=O 
The parametric ranges are: 
P: 882 to 2205 psia 
G: all velocities 
x: O to 1.0 
(A16) 
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Katto Correlations [(Katto 1978) through (Katto 1982)] 
The Katto Correlations are given in terms of the dimensionless 
2 groups qc0 /(GhfgY), (opf)/(G L), pg/Pf' L/d in four different CHF 
regimes (L, N, H, and HP regimes). The term qCHF ,O denotes the CHF 
value with zero inlet subcooling. The relation between qCHF and 
qCHF,O is given by: 
(A17) 
The correlations for qCHF,O and K are given as follows: 
L-Regime 
2 0.043 qCHF,o/(Ghfg) = C[(opf)/(G L) (d/L)] (A18) 
where: 
C = 0.25 for L/d < 50 
C = 0.34 for L/d > 150 
C varies linearly with L/d in the range 50 ~ L/d ~ 150 
for L/d > 100 
and (opf)/(G2L) > 7.84 x· io-4 
the correlation is given by: 
(A19) 
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Katto Correlations - continued 
(A20) 
N-Regime and H-Regime 
(L/d)0· 27!(1 + 0.0031L/d) (A21) 
(A21) 
qCHF,O/(Ghfg) = 0.10 (p9/pf)O.l
33 [(opf)/(G2L)]113 (1 + 0.0031L/d)-l 
(A22) 
K = 5(0.0124 + d/L) (A23 ) 
G(pg/pf)0,133 [(opf)/(G2L)]l/3 
HP Regime 
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Katto Correlations - continued 
The range of applicability of these equations is shown in Figure 
18 in the text for pg/pf = 0.0484. Neglecting the existence of any 
transition region, the equations for the boundaries of each regime are 
given as follows: 
Boundary Between L and H Regimes 
Boundary Between N and H Regimes 
(A27) 
Boundary Between H and HP Regimes 
Boundary Between HP and N Regimes 
(p9/pf) = {[89.3(d/l)o.
432 + 21.2(d/l)0.062 J/[0.119(L/d) + 38.4]}2•14 
(A29) 
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LOFT Correlation (Eide 1977) 
qCHF = 1.31569 x 106 - 3.79605 x 102P + 8.32015 x 10-2G + 
1.08312 x 102Px - 1.01982Gx 
Equation A30 is valid for the following parametric ranges: 
P: 200 to 2400 psia 
G: .4 x 106 to 2.5 x 106 lbm/hr-ft2 
x: -0.30 to 0.20 
qCHF = (1.880919 x 106) - (850.58)P - (1.0986)x + 
(0.13P2 - (1.186207 x 106)x2 
This equation is valid for the following parametric ranges: 
P: 1000 to 2000 psia 
G: .4 x 106 to 2 x 106 lbm/hr-ft2 
x: -0.05 to 0.50 
(A30) 
(A31) 
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Savannah River Correlation (Knoebel 1973) 
qCHF = 188000 (1.0 + 0.0515U)(l.O + 0.0696TSUB) (A32) 
where: 
U = fluid velocity, ft/s 
W-3 Correlation (Tong 1972) 
106{(2.022 - 4.302 x 10-4P) + 
(0.1722 - 9.84 x l0-5P) exp [(18.177 - 4.129 x 10-3P) x]} 
(1.157 - 0.869x) 
[(0.1484 + x (-1.596 + 0.1729 lx!)) G' + 1.037] 
[0.8258 + 7.94 x l0-4(hf - hi)] 
[0.2664 + 0.8357 exp (-3.151 (dHE))J (A33) 
where G' = G/106 
The parametric ranges are: 
d: 0.2 to 0.7 in 
L: 10 to 144 in 
P: 1000 to 2400 psia 
G: 1 x 106 to 5 x 106 lbm/ft2-hr 
x: -0.15 to 0.15 
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Griffith-Zuber Correlation (Griffith 1977) 
qCHF = (1 - ev) 0.131 Pghfg [crg(pf - pg)/p2]1 (A34) 
valid for G < 2 x 104 lbm/hr-ft2 
Modified Zuber Correlation (Smith 1976) 
APPENDIX B 
CODA CODE DESCRIPTION 
This appendix contains a brief description and a listing of the 
foolant Qynamic ~nalysis {CODA) code developed by Leung and Gallivan 
{Leung 1980). This program is used by Leung (1980), Lo (1984) and the 
author (1984) to compare commonly used correlations to blowdown data. 
The CODA code was pref erred for the present study, due to a 
variety of reasons, such as: 
1. Although less complicated, it was shown by Leung (1980) that CODA 
gives comparative results to component codes such as SCORE-EVET 
and COBRA-IV. 
2. The CODA code requires less computer time as compared to the 
other system codes and component codes. 
3. The CODA code was easily access i b 1 e through the EG & G Idaho 
National Laboratory. 
The CODA code is a simple one-dimensional transient £QOlant 
_gynamic ~nalysis computer program to analyze the core behavior ·during 
a transient. A homogeneous equilibrium flow model, with equal veloc-
ity and equal temperature for the two phases, is adapted. In general, 
this is a valid assumption, especially for high-pressure systems such 
as PWRs. The code is available in two versions: flow-driven and 
pressure-driven versions. The flow-driven version is shown {Leung 
1980) to give superior results to the pressure-driven version. Thus, 
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the flow-driven version is used by the author (Gunnerson 1984), Lo 
(1984), and Leung ·(1980). The mathematical formulation of the thennal-
hydraulic analysis used in the flow-driven version of CODA is 
briefly outl1ned in the following section. 
CODA Code Formulation 
For homogeneous, one-dimensional two-phase flow, the following 
conservation equations may be written: 
Continuity: 
le+ aG=O 
at az (Bl) 
Momentum: 
aG a G2 2f 
at + az ( p + p) = -~ - ap G IG I (B2) 
Energy: 
(83) 
where Et is the volumetric total energy defined as 
(B4) 
e is the internal energy which can be written as: 
e = h 
p (85) 
- -p 
In addition to these conservation equations, an equation of state is 
needed. 
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In the CODA code formulation, the Courant Stability criterion 
which limits the time step as: 
is modified to allow larger time increments. The modified stability 
criterion is written as: 
(87) 
This criterion does not take the sonic velocity (c) into account, and 
it does not allow any fluid particle to traverse more than one nodal 
spacing during the time period. This new criterion forces the assump-
tion that the pressure has no feedback on the density, and the density 
is a function of the enthalpy only. Therefore, the equation of state 
becomes 
p = p(h) (88) 
This later assumption decouples the momentum equation from continuity 
and energy equations. 
In general, for a variable cross-sectional area, the continuity 
and the energy equations can be written as follows, by neglecting the 
kinetic energy term: 
Continuity: 
A ~ + -2.. (GA) = 0 
at az (89) 
Energy: 
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A a~ (ph) + a~ (GAh) ( 810) 
Equation 810 can be written in the form: 
Ap ah + Ah .£.e. + h-1. (GA) + GAah = qPH + AaP (811) 
at at az az at 
where ~z {GA) - - A~~ from the continuity equation. 
Thus: 
ah + G !fJ. _ 
at p az (812) 
Now, by dividing the flow channel into equally-spaced nodes, 
equations 812 and 89 may be integrated by using the finite-difference 
technique. The finite-difference procedure employed in the code is 
not repeated here. Figure 111 shows the flowchart of the CODA code. 
For more information about the code, the reader is referred to the 
study of Leung (1980). 
For the flow-driven version of the CODA code, the following 
parameters must be supplied to the code as input: 
1. System pressure as a function of time 
2. Inlet or exit mass flow rate as a function of time 
3. Heat flux as a function of time and axial location 
4. Fluid enthalpy at the inlet boundary as a function of time 
tnITlALIZATION 
PltOCEDURE 
TP.ANSIENT 
PROCEDURE 
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COMPUTER PROGR.Af.1 COPA 
I NPUi CEO~IETRY DATA 
READ INITIAL INLET CONDITIONS 
READ PROPERTY TABLE 
INPUT HEAT FLUX DATA 
COMPUTE STE.ADY·STATE 
CONDITIONS ANP OUTPUT 
READ HYDRAULIC BOUNDARY 
CONDITIONS P, C, (h) 
UPDATE SURFACE HEAT FLUX 
PROV1SIONAL VARIABLES CALCULATION 
·PREDICTOR STEP 
CORRECTED VARIABLES CALCULATION 
·CORRECTOR STEP 
OUTPUT TRANSIENT CALCULATION 
Cl;if EVALUATION 
OUTPUT CHF PREDICTION 
Figure 111. The Flowchart of the Flow Driven 
Version of CODA Program (Leung 1980) 
316 
Given this input, the CODA code calculates the Critical Heat Flux 
Ratio (CHFR), using the desired correlations, as a function of time 
and axial location. 
In the following section, a listing of the flow-driven version of 
the CODA code, as adapted to the Digital VAX system of UCF, is given. 
c 
c 
c 
c 
c 
c 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
REAL INTERP 
REAL LBNT 
REAL LOFT 
REAL MZUBER 
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Listing of CODA Code 
.DIMENSION CHF1<250),CHF2C250>,CHF3C250),CHF4<250> 
·DIMENSION CHFb<~50>,RAT6C250) 
DIMENSION CHF7<250),CHF8<250>,CHF9<250> 
DIMENSION RAT7C250>,RATB<250),RAT9C250> 
DIMENSION RAT1<250>,RAT2<250>,RAT3<250>,RAT4<2'0> 
DIMENSION XCHF5C2'°>,RAT5<2,0> 
DIMENSION CHF10<250>,RAT10C250) 
DIMENSION CHF11<250>,RAT11<250) 
DIMENSION CHF12C2,0>,RAT12<250) 
DIMENSJON CHF13<250>,RAT13C250> 
DIMENSION CHF14C250),RAT14C250> 
DIMENSION CHF15C250>,RAT15<250) 
DIMENSION CHF16<250>,RAT16<250> 
DIMENSION CHF17<250),RAT17<250) 
DIMENSION PHIT<20,30),TPHIT<20,30>,BINT<250>, 
C AINTC250),NTPHI<250>,NCPHI<2,0> 
DIMENSION GIN<250>,TGIN<250> 
DIMENSION PHI<250>,HEAT<250>,GT1C2,0>,HT1<2,0>,XT1C250> 
C, SPVT1<250>,RHOT1<250>,VT1C250),pT1<250>,TP<50>,PR<'O>, 
CTDP<50),DP<50>, HT<250),RHOT<250>,SPVT<250>,VT<250), 
CXT<25Q), SlGMA<250), GT<250), 
CXTP<250>,GTPC250>,VTP<250>,SPVTPC250),RHOTP<250),HTPC2'0> 
DIMENSION PPTC250>,TPT<2SO>,VFPT<250),VFQPT<250), 
c HFPT ( 250) I HFGP T ·( 250) I v 1 SCPT ( 250)' CONDPT ( 250) I SFTPT ( 2,0) 
DIMENSION ALPHA<2'°>,GPR<250),PPRC250) 
DIMENSION AX<250>,DlAH<250),DIAEC250) 
DIMENSION CPGPTC250> 
DIMENSION DFBHL<250>,TEMPRC250),FLOWMC250> 
DIMENSION SFPT<250>,SGPT<2,0>,TDPCR<2,0>,DPCR<250) 
OPEN<UNIT=S,FILE='CODA.OAT',STATUS•'OLD'> 
OPEN<UNIT=b,FILE•'CODA.RPT',STATUS•'NEW') 
SPRINT=O.O 
PROCEDURE A 
STEP Al 
STEP A1. 1 
INITIALIZATION PROCEDURE 
l NPUT SECTION 
-ACCEPT THE INPUT 
CROSS SECTION AREA <IN.••2> 
HEATED PERIMETER ClN.) 
WETTED PERIMETER <IN.> 
TOTAL LENGTH CJN. > 
N\J"1BER OF NODES 
OUTLET PRESSURE <PSI. >', 
INLET TEMPERATURE<F. > 
INLET MASS VELOCJTYCLBM/FT••2 S> 
READ (5, 1 > TL, N 
FO"MAT < F5. 1, 1X, I3> 
READC5.1b> NAX 
L~=O 
DO 601 I•l, NAX 
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READC5,600> AXIN,PH,PW,NNAX 
600 FORMAT<F5.0, lX,F,. C?, 1X,F,.2, lX,IJ> 
L2=L2+NNAX 
601 
2 
L1:sCL2-NNAX)+1 
DO 601 J=L1 I L2 
AX <.J>=AXIN 
DlAH(.J)•(4.00•AX(J))/PW 
DIAE<.J>•<4. OO•AX<.J> )/PH 
CONTINUE 
READC5,2) PO,TO,QO 
FORMAT<F5. o, 1x, F:5. 1. 1x. FB. 1. ax, FB. 1) 
c 
c STEP A1.2 OUTPUT THE INPUT 
c 
c 
c 
c 
c 
3 
602 
4 
~ 
DZ=TL/ < N-1 > 
WRITE<6,3> TL1DZ 
FORMAT ( '1 '. 'TOTAL LENGTH• '' F5. ·1, , DZ= , I F6. 3) 
WRITEC6, 602> (I, AX< I), DIAH< I), DIAE< I), Jal, N> 
FORMAT ( ' , I 13, 1 x, 'AX• ', F6. 3, , DIAH=- , I F6. 3, I DIAE= I. Fb. 3) 
WRITE<6.4) N 
FORMATC'O', 'TOTAL NUMBER OF NODES• ', I4> 
WRITEC6,5) PO,TO,QO 
FORMAT< ·o '. 'PRE ss• '. F6. 1, 2x. 'TEMP• ', F:5. 1. 2x. 
C 'MASS VEL• ', FS. 112X > 
STEP Al. 3 CONVERT INPUT TO PROPER UNITS 
C DIA. TO FT. 
C LENQTH TO FT. 
C DZ TO FT. 
C PRESSURE TO PSF. 
C NOTE: AX 15 IN IN.••2 IN THE PROGRAM. 
c 
c 
c 
c 
c 
c 
DO 603 I•1, N 
DIAH<I>•DIAH(l)/12. 00 
DIAE<I>•DIAE<I>/12.00 
6C3 CONTINUE 
TL=TL/12.00 
DZ=DZ/12. 00 
PO=P0•144. 00 
STEP At. 4 INPUT THE PROPERTY TABLE 
READC5, 16> NPROP 
DO 54 I•1,NPROP 
READ<5,,5) PPT<I>,TPT<I>,VFPT(I),VQ,HFPT<I>,HG, 
C VISCPT<I>.CONDPTCI>,SFTPT<I> 
~5 FORMAT<2F5.0,7F10.0> 
VFGPT<I>=VQ-VFPT<I> 
HFGPT<I>•HQ-HFPT<I> 
!>4 CONTINUE 
DO 701 1•1,NPROP 
READ<5,702> CPQPT<I>,SfPT<I>,SGPT<I> 
702 FORMAT<J<F10 .. 0> > 
701 CONTINUE 
STEP Al.' 
QO TO 9020 
WRITE<6, 47> 
OUTPUT THE PROPERTY TABLE 
47 FORMATClHl, 'PROPERTY TABLE',///) 
c 
56 
57 
58 
902 
901 
900 
9020 
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WRITE Cb, 56> 
FORMAT ( , 0 , ' 5 x' , p , • 6 x' , T , ' 12 x, I VF , , 11 x' , VF G , ' 
c11x, 'HF'. 11x. 'HFG'. 1ox. 'VlSC', 11x. 'KF', 12x. 'ST',7X. 'CPQ') 
DO 58 I•l,NPROP 
WRITE<6,57> PPT<J>,TPT<J>,VFPT<I>,VFQPT<I>,HFPT<I>, 
CHFGPt<I>,VISCPT<I),CONDPT<I>,SFTPT<l>,CPGPT<I> 
FORMAT(' ', 2<3X, F6. 1 ), G!C7X, F7. ,), i2C7X, F6. 2>, 
C 3C7X, F7. ,), 2X, F6. 3> 
CONTINUE 
WRITE<6, 902> 
FORMATC'O',,X, 'SF',7X, 'SG'> 
DO 900 l•11NPROP 
WRITE<6.901> SFPTCl),SQPT<I> 
FORMAT<' ',3X,F7.4,2X,F7.4> 
CONTINUE 
CONTINUE 
C STEP A1.6 INPUT PHICZ,T> 
c 
c 
C STEP Al.6. 1 INPUT NL.t'IBER OF PHI SECTIONS 
c 
READ< 5, 16 > NSPH l 
c 
C STEP A1.6.2 INPUT PHI AND TIME VALUES 
C FOR EACH SECTION 
c 
DO 90 J•l,NSPHI 
c 
C STEP Al.6.2. 1 INPUT THE NUMBER OF CELLS IN THIS SECTION 
c 
c 
c 
c 
c 
c 
c 
c 
90 
c 
c 
~ 
c 
c 
c 
c 
c 
c 
c 
c 
c 
READC5,16> NCPHI<J> 
STEP A1.6.2. 2 I NP UT THE NUMBER OF TIME POINTS 
FOR THIS SECTION 
READ"' 16 > NTPH I CJ> 
STEP A1.6.i2. 3 INPUT TIME ANO PHI VALUES FOR THIS SECTION 
NN=NTPHI < J) 
READ<,, 17> <TPHIT<J,K>,PHITCJ,K),K•l,NN> 
CONTINUE 
STEP A2 
STEP A2. 1 
STEP A:l. 1. 1 
INITIALIZATION OF VARIABLES 
THROUGH STEADY STATE CALCULATIONS 
INITIALIZE SYSTEM VARIABLES WHICH 
DEPEND UPON OUTLET PRESSURE ANO CALCULATE 
HEAT FLUX PER NOOE 
FUNCTICJ-.IS OF PRESSURE 
POO=P0/144.00 
SPVFGSmINT~RPCPPT,VFGPT,POO,NPROP,1) 
SPVFS=INTERP<PPT,~PT,POO,NPROP,2> 
HFGS=INTERP<PPT,HFGPT,POQ,NPROP,3> 
HFS=INTERP<PPT, HFPT,POO,NPROP,4> 
TSAT=INTERPCPPT,TPT,POO,NPROP,2') 
CPG=INTERP<PPT, CPGPT,POO,NPROP,26> 
C STEP A2. 1.2 INITIALIZE PHI FOR STEADY STATE 
c 
c 
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C STEP A2. 1.2. 1 SET UPPER BOUND TO 0 
c 
N2=0 
c 
C STEP A2 . 1.2. 2 SET PHI FOR EACH SECTION 
DO 81 I=l, NSPHI 
c 
C STEP A2.. 1.2. 2. 1 MOVE THIS SECTIONS ARRAYS TO 
C INTERPOLATION ARRAYS 
c 
NN=NTPHI<I> 
DO 82 K=l,NN 
AINT<K>=TPHITCI,K> 
82 BlNT<K>sPHIT<I, K> 
c 
C STEP A2. . 1.2. 2.2 SET UPPER AND LOWER BOUNDS FOR 
C THIS SECTION 
c 
c 
N2=N2+NCPHI <I> 
Nla<N2-NCPHI<I>>+1 
C STEP A2.. 1.2. 2.3 SET PHI FOR THIS SECTION 
c 
83 
81 
c 
c 
c 
7 
c 
c 
c 
9 
c 
c 
c 
9 
c 
c 
c 
TIME=O. 00 
PHIVAL=INTERP<AINT,BINT,TIME,NTPHI<J>,5> 
DO 83 K=Nl, N2 
PHI<K>c:PHIVAL.. 
CONTINUE 
STEP A2.2 CALClA.AT£ MASS VELOCITY FOR NODES 11N 
DO 7 I=l, N 
GT1<I>•GO•AXC1)/AX<I> 
STEP A2.3 CALCULATE ENTHALPY FOR NODES 11N 
HT 1<1 > •INTERP <TPT, HFPT;f TO., NPROP, 6 > 
SPVFO~INTE~P<HFPT,VFPT:n HT1C1>,NPROP,7> 
DO 8 1-=2,N 
HT 1<I>=HT1 < I-1 > + ((4. OO•PHI n-1 > •DZ> I <DIAE < I-1 >•GTl< I-1 > > > 
STEP A2. 4 CALCULATE QUALITY FOR NODES 1,N 
DO q 1•1• N 
X~1<I>•<HT1<I>-HFS>IHFQS 
STEP A2.~ 
DO 10 I•t,N 
CALCULATE SPECIFIC VOLUME AND DENSITY 
FOR NODES 1, N 
IFCXT1<I>.LE.O. OO> SPVT1<I>•INTERPCHFPT,VFPT,HT1<J>,NPROP,B> 
IF<XT1Cl>.OT.O. OO> SPVT1<l>•SPVFS+<XT1<I>•SPVFOS> 
RHOT1Cl>~l.OO/SPVT1CI> 
IF<XT1<I>.LT. 1. OO> 00 TD 10 
TS~TSAT+CCHT1CI>-<HFGS+HFS>>ICPQ> 
SP\IT1CI>•<SPVFGS+SPVFS>•<C460.00+TSH>IC460.00+TSAT>> 
RHOT1<I>•1.00/SPVT1<I> 
10 CCJl-ITINUE 
c 
c STEP A2.6 CALCULATE VELOCITY FOR NODES l1N · 
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c 
DO 11 I=l, N 
11 VT1<I>•GT1<I>IRHOT1<l> 
c 
c 
c 
c 
c 
c 
STEP A2. 7 
PTl < N >=PO 
l=N-1 
CALCULATE PRESSURE FOR NODES l1N 
12 IF<XT1<I>.LE.0.00> 
CF=. 07900/<CABS<GT1<I>>•3600.00•DIAHCI>IINTERP<HFPT,VISCPT, 
C HT1<I>,NPROP,9>>**.2~00> 
IF<XT1 _< I>. GT. 0. 00> F=. 00~00 
A=<<SPVT1<I+1>•GT1<I+1>••2>-CSPVT1CJ>•GT1<I>••2>>1DZ 
B=32.200/SPVT1<I> 
C=<2. 00•F>IDIAH<I> 
D=<<VTl<I>•ABSCVT1<I>>>ICSPVT1<I>>>•C 
Kl=I . 
IF<AX<l+l>.LT.AX<I>> K1mI+1 
IF<XT1 CI>. LE. 0. 00. OR. XT1 CI>. QE. 1. OO> COEF•. 4'00 
IF<XT1CI>.GT.0. 00 . AND. XTlCI>.LT. 1.00> COEF•.200 
IF <AX< I >. LT. AX< I+ 1 > >EK=-< 1. 00- <AX< I >I AX< I+ 1 > > > **2 
IF<AX<I>. GE.AXCI+1>>EK=COEF •C1.00-CAXCI+1)/AXCJ>>••2> 
PT1<I>=PT1<1+1>+<<<DZ/32.200>•<A+B+D>>> 
C+< <EK•C CGT1 <Kl >••2>/RHOT1 <Kl > > )/64. 400> 
I=I-1 
IF<I.GE. 1> GO TO 12 
STEP A2.8 CALCULATE AVERAGE MASS VELOCITY 
GT1AV=GT1<1> 
C STEP A2. . 9 CALCULATE VOID FRACTION 
c 
DO 71 Jct, N 
ALPHACI>=XT1<l>•RHJT1<I>•<SPVFGS+SPVFS> 
IF <XT1 Cl>. LE. 0. OO> ALPHA< l >=O. 00 
IF<XT1<I>. GE.1. 00> ALPHA<I>•l.00 
71 CONTINUE 
c 
C STEP A2. . 10 CALCULATE REMAINING MASS 
c 
SUM=. 'OO•OZ•<RHOT1<1>•AX<1>+RHOT1<N>•AXCN>>l144.00 
Nt=N-1 
DO 110 1-=2,Nl 
110 SUM=SUM+CRHOTl<I>•DZ•AX<I>/144.00> 
RMASS•SUM 
c 
C STEP A2 . 11 CALCULATE DISTANCE FROM BEGINNING OF 
C HEATED LENGTH FOR EACH NODE 
c 
DATA DFBHL /250+0.00/ 
IFLAG=O 
PHI <N>=PHI CN-1 > 
I=O 
706 I=l+l 
IF<PHI <I>. NE. 0. OO> IFLAG•l 
IF<PHICI) .. NE. 0. 00) IsN 
IF<I.NE.N> GO TO 706 
BHL=C<IFLAG-l>•DZ> •12.00 
IFCIFLAG . EG.O> GO TO 950 
l•IFLAQ 
707 I•I+l 
D~DHL<I>•<<<I-1 >•DZ>•1~.00>-BHL 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
. c 
c 
c 
c 
c 
c 
c 
c 
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IF <PHI< n. EQ. 0. OO> I•N 
IF<I.NE . N> GO TO 707 
950 CONTINUE 
STEP A2. 12 OUTPUT STEADY STATE VALUES 
WRITEC6, 13) HFGS 
13 FORMATC1H11 'STEADY STATE VALUES',3X, 'HFG= ',F9.2,//) 
DO 61 I=l, N 
FLOWMCI>=GT1<I>•AX<I>/144.00 
IF<XTl<I>. LT. 1. 00> TEMPR<I>=TSAT 
IF< XTl <I>. l T. 0. 00) TEMPR (I >•INTERP <HFPT, TPT, HT1 (I>, NPROP, 29 > 
IF< XTl <I>. GE. 1. 00 > TEMPR < J>mTSAT+ (( HTl < l >-<HFGS+HFS)) /CPQ > 
PPR<I>=PTl<I>/144.00 
61 GPR<I>=GT1CI>•3600.00/1.E06 
WR IT E ( 6. 1 4 ) ( J, OF BHL ( I ) • Ax ( I ), HT1 ( I ) I TEMP R ( I ) I x T 1( I ) I 
C GPR<I>.FLOWM<l ),VT1<I>,PPR<I>,RHOT1<J>,ALPHA<I>, I-=1,N> 
14 FORMAT(' ',I3,JX, 'DIS ',F:5.1,1x, 'AX '1F6.3,1X, 'H '• 
c F7. 2, 1x, 'T '1F6. 1~ 1x, 'X '1F6. 3, 1x, '0 ', F6. 3, 
64 
62 
1 11 
10 
17 
18 
19 
C 1 •10••6 / I 1 X1 
c 'MF ' , F7. ;?, 1x. 'V ', F7. 2, 1x, 'P ', F7. 1. 1x. 'RHO '• 
C F7. 2, 1 X, 'ALPHA '• F6. 3> 
WRITEC6, 64) 
FORMATC1H1, 'STEADY STATE PHI VALUES',/) 
Nl=N-1 
WRITE(6,62> CI. PHI<I>, I•1,N1> 
FORMAT<' ', I4, 1 X, 'PHI= ', F6. 2> 
WRITEC6, 111>RMASS 
FORMAT<'O', 'REMAINING MASS• ',F9.3> 
PROCEDURE B TRANSIENT PROCEDURE 
STEP Bl INITIALIZE THE CONTROL VARIABLES 
STEP Bl. 1 INPUT THE TIME VS. REFERENCE PRESSURE 
<PSI. > 
READ< 5, 16 > NUMP R 
FORMAT< I3 > 
READ<5, 17> <TP< I>,PR<J>, J•1,NU11PR> 
FORMAT<B<F~.O,F,.O>> 
STEP 81.2 WRITE TIME VS.REFERENCE PRESSURE 
WRITEC6,JS> 
FORM.AT < 1H1, 'I NP UT VALUES OF TI ME AND PRESSURE ' > 
WRITEC6, 19><TP<I>,PR<I>, 1•1,NUMPR> 
FORMAT<'0',3C4X,F12.4, 1X,F12.4>> 
STEP 81. 3 CONY~RT REFERENCE PRESSURE TO PSF. 
20 
DO 20 1•1,NUMPR 
PR<I>•PR<I>•144.00 
c 
c STEP 81. 4 INPUT TIME VS. Q <LDM/H FT••~> OR CRITICAL FLOW DATA 
c 
READ<,, 16> NGIO 
b5 
~C'S 
906 
323 
IF<NGIO. NE . 0.AND. NGIO.NE.-1> QO TO 90' 
READ<5, 16) NGIN 
READ<5,6'> CTGIN<I>,GIN<I>,I•l,NGIN> 
FORMAT<4<F10.0, FlO.O>> 
GO TO 5000 
READ<5.90o> AT, oc1.oc2.oc3,xsTAR 
FORMAT< 5 < F5. O> > 
READC5, 16) NDPCR 
5000 
c 
IF<NDPCR . NE.O>READ(5, 17> CTDPCR<I>,DPCRCJ), I•l,NDPCR> 
CONTINUE 
c STEP Bl. 5 WRITE TIME VS. G IN OR CRITICAL FLOW DATA 
c 
c 
c 
c 
-
·-
-
c 
c 
c 
-
c 
c 
c 
c 
lF<NGIO.NE.O.AND.NGIO.NE.-1> QO TO 907 
WRITE<6, 66> 
06 FORMAT<1H1, 'INPUT VALUES OF TIME VS. Q '//) 
WRITEC6,67> <TGIN<I>,GIN<J>, I•l,NGIN> 
67 FORMAT<' ',4(4X,F12.3'1X.F12.3)) 
GO TO 908 
907 WRITEC6,909> 
909 FORMAT ( 1H1, 'CRITICAL FLOW DATA', I I> 
WRITE(6,910) AT,oc1,oc2.DC3,XSTAR 
910 FORMAT<'O', 'AREA=',F6. 3,//,' SINQLE PHASE COEFFICIENT•', 
C F6. 3,/,' TWO PHASE COEFF1CJENT•',F6.3,/, 
911 
912 
908 
22 
91~ 
23 
·c ·SINGLE PHASE cCEFFICIENT•',F6.3./, 
C 'NON-EQUILIBRIUM QUALITYa',Fo.3> 
IF<NDPCR . NE.O>WRITE<o,911> 
IF<NOPCR. NE.O>WRITE<6,912> <TDPCR<I>,DPCR<I>,I•1,NDPCR> 
FORMATC'O', 'THROAT DELTA P FUNCTION',//) 
FORMAT<' ',4(1X,F5.2.2X,F6.2>> 
GO TO 915 
CONTINUE 
STEP 81. 6 CONVERT G TO LBM/S•FT••2 
DO 22 I•l,NGIN 
GJN<I>•GIN<I>/3600. 00 
STEP Bl. 7 INPUT END TIME AND WRITE STEP 
CONTINUE 
READ<5,23> ENOT,NPRlNT 
FORMAT<F5.2,I3> 
STEP 81. S 
TIME=0.00 
CTNUM:a. ,00 
HFO=sHT1<1> 
HFN=HTl <N > 
STEP 81.9 
IPRINT=O 
INITIALIZE BOUNDARY ENTHALPIES AND TIME 
TO STEADY STATE VALUES 
INITIALIZE WRITE CONTROL VARIABLES 
C STEP Bl. 10- OUTPUT PHI VS. TIME 
c 
WRITEC6, '9> 
59 FORMATC1H11 'INPUT VALUES OF PHI VS. TIME'> 
DO 92 I•1 • NSPHI 
WRITEC6, 93> l 
C13 FORMAT< 'O', 'SECTION• ', 13, //) 
94 
92 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
25 
15 
c 
c 
c 
c 
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NN=NTPHI<I> 
WRITEC6, 94) <TPHIT< 1, K>, PHlT< 1, to, ~•1, NN> 
FORMAT<, •, 5<3x. F7. 4, 2x. F7. 3)) 
CONTINUE 
STEP B2 TRANSIENT CALCULATIONS 
<PERFORr-ED UNTIL END OF TRANSIENT CONDITION 
CONDITION DETECTED> 
STEP 82 . 1 UPDATE TIME ANO DELTAT 
STEP 82. 1. 1 
CONTINUE 
VMAX=0.00 
DO 1' I=1,N 
FIND MAXIMUM VELOCITY 
IF <ABS <VT 1 <I>>. GT. VMAX > Vl"IAX•ABS <VT1 <I>> 
CONTINUE 
STEP B2. 1. 2 CALCULATE DELTAT 
DELTAT=<DZ/VHAX>•CTNUM 
IF<TIME.LE. ,,00.AND.DELTAT.QT .. OlOO>DELTAT=.0100 
C STEP 82. 1. 3 UP DATE TIME 
TIME=TIME+DEL TAT 
c 
·-
STEP B2. 1. 4 CHECK FOR END OF TRANSIENT 
c 
IFCTIME.GT.ENDT> GO TO '005 
c 
C STEP 82.2 SET REFERENCE PRESSURE.PRESSURE DROP, 
C ENTHALPIES, AND SPECIFIC VOLUMES 
C AND SET PHI FOR THIS TIME 
c 
c 
C STEP B2.2. 1 FUNCTIONS OF PRESSURE 
c 
c 
PREF•INTERPCTP, PR,Tif"IE,NUMPR,10> 
PREFF•PREF/144. 00 
HF=INTERPCPPT,HFPT,PREFF,NPROP,11> 
HFG=INTERP<PPT, HFQPT,PREFF,NPROP,12> 
VF•INTERP<PPT,VFPT,PREFF,NPROP,13> 
VFG=JNTERP<PPT, VFGPT,P~EFF,NPROP, 14) 
TSAT=INTERP<PPT,TPT,PREFF,NPROP,27> 
CPG=JNTERP<PPT, CPQPT,PREFF,NPRQP,28) 
~ STEP B2.2.2 SET PHI FOR THIS TIME 
c 
i. 
C STEP 82.2.2. 1 SET UPPER BOUND TO 0 
c 
N2-0 
C STEP 82.2.2. 2 SET PHI FOR EACH SECTION 
c 
DO 100 J=1,NSPHI 
c 
C STEP 82.2.2. 2. 1 MOVE THIS SECTIONS ARRAYS TO 
C INTERPOLATION ARRAYS 
NN=NTPHI<J> 
00 101 K=l,NN 
AINT<K>=TPHIT<J,K) 
325 
101 BINT<K>•PHIT<J,K> 
c 
C STEP B2.2 . 2. 2.2 SET UPPER AND LOWER BOUNDS FOR 
C THIS SECTION 
c 
c 
N2=1\12+NCP HI < J) 
Nl=CN2-NCPHI<J> )+1 
C STEP 82.2.2. 2 . 3 SET PHI FOR THE CELLS IN THIS SECTION 
c 
PHIVAL=INTERP<AINT,BINT,TIME,NTPHICJ), 1') 
00 102 K=N1,N2 
· 102 PHI CK>=PHIVAL 
100 CONTINUE 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
t 
i.. 
c 
c 
c 
c 
c 
c 
c 
24 
STEP 82.3 
STEP 82.3. 1 
STEP B2. 3. 1. 1 
Nl=N-1 
TRANSIENT VARIABLES CALCULATIONS 
<PROVISIONAL VARIABLES> 
CALCULATE ENTHALPY FOR PRESENT TIME 
CALCULATE ENTHALPY FOR NODES 2.N-1 
TIMNEW=TIME-DELTAT 
OPDTc<PREF-INTERP<TP,PR,TIMNEW,NUMPR, 16))/DELTAT 
DO 24 1=2.Nl 
HA=. 500•CHT1CI>+HT1<I-1>> 
Hl3=. 500• < HT1<I>+HT1<1+1 > > 
IF<AX<I>. NE . AX<I+1>.ANO.GT1<I>.QE.O.OO> 
C HB=HTl<I> 
IF<AXCI>. NE . AX<I+l>.AND.GTl<I>.LT.O.OO> 
C HB=HTl<I+l) 
IF<AX<I>. NE.AX<I-1>.AND.GTl<I>.QE.O.OO> 
C HA=HT 1 < I -1 ) 
IFCAXCI>. NE.AXCI-1>.AND.QTl<I>.LT.O.OO> 
C HA=HT1<I> 
A=C-~Tl<I>•<HB-HA))/CRHOTl<I>•DZ> 
PHIAV=. 500•CPHI CI-l>+PHI<I>> 
B=<<4. 00•PHIAV>l<DIAE<I>•RHOT1Cl)))+ 
C << SPVTl<I>•DPOT)/777.6,00> 
OHDT=CA+B> 
HT<I>=HTl<I>+<DELTAT•DHDT> 
CONTINUE 
STEP 82.3. 1.2 CALCULATE ENTHALPY AT NODES 1 AND N 
STEP 82. 3. 1.2. 1 NJDE 1 
IF<G.T1<1>. QT. 0. 00> HT<l>•HFO 
IF<GT1<1>.EG. O. OO> HT<1>•HT1<1>+ 
C < <2. OO•PHI Cl >•DELTAT)/(RHOT1<1>•DIAE<1 > > > 
JFCQT1<1>. LT. 0. 00> HT<1> 111 <2. OO•HTC2»-HT<3> 
STEP 82.3. 1.2.2 NODE N 
IFCGTl<N>.Q~ 0. OO> HT<N>•C2.00•HTCN-1>>-HTCN-~> 
c 
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IF<GT1<N>. EQ. 0. OO> HT<N>•HT1<N>+ 
C CC2.00•PHICN-1 >•DELTAT>l<RHOT1<N>•DIAECN>>> 
IF<GT1 <N>. LT. 0. OO> HT<N>=HFN 
C STEP B2.3.2 CALCULATE DENSITIES AT PRESENT TIME 
c 
c 
DO ~2 I•l,N 
IF<HT<I>. LT.HF>RHOT<I>•l.00/INTERPC 
CHFPT,VFPT,HTCI>,NPROP, 17> 
IFCHT<I>. LT.HF> SPVT<I>=l.00/RHOT<I> 
iF <HT<I>.LT. HF>GO TO 52 
X=<HT<I>-HF>IHFG 
SPVT<I>cVF+X•VFG 
RHOT<I>•l.00/SPVT<I> 
HG=HFG+HF 
IF<HT<I>. LT.HG> GO TO '2 
TSH=TSAT+<<HTCI>-HG>ICPG> 
SPVTCI>•<VFG+VF>•<<460.00+TSH)/(460.00+TSAT>> 
RHOT<I>=l.00/SPVT<I> 
52 CONTINUE 
STEP 82.3. 3 CALCU-ATE MASS VELOCITY AT NODES 11N 
STEP B2.3.3. 1 CALCl.l.ATE SIGMA TERMS FOR NODES 1,N-1 
Nl=N-1 
DO 28 I•1,N1 
SlGMA<I>=<DZ/<2. OO•OELTAT>>•C<RHOTl<I>-RHOT<I>>•AXCI>+ 
C <RHOT1<I+1>-RHOT<I+1>>•AXCI+1>> 
28 CONTINUE 
C STEP 82.3. 3.2 CALCULATE MASS VELOCITY AT NODE 1 
C <INLET FLOW SPECIFIED> 
c 
c 
c 
c 
c 
c 
c 
c 
c 
31 
68 
IF<NGIO.LT.O> GO TO 69 
IF<NGIO.EG.O>GT<l>•INTERP<TGIN,QJN,TIME,NGIN, lS> 
RHOINV=l. 00/RHOTlCl) 
IF < X Tl < 1 > . LT. 0. 00 > 
CPSATsINTERP<VFPT,PPT,RHOINV,NPROP, 111>•144. 00 
IF <NGIO. EQ. 1>GT<1 >•-1. OO•CRTFLO<PREF, AX< 1 ), AT, XT1C1 ), HTl < 1 ), 
c RHOT1<1>,PSAT, DC1.oc2.oc3,xsTAR.PPT1SFPT.SGPT.HFPT, 
C HFGPT,VFPT,VFGPT,NPRQP,NDPCR,TDPCR,DPCR,TIME> 
STEP D2. 3. 3.3 CALCULATE MASS VELOCITY AT NODES 2,N 
DO 31 1=2,N 
·GT<I>=<GT<I-l>•AX<I-l>+SIOMA<I-1))/AX<l> 
CONTINUE 
GO TO 69 
STEP 82.3.3. 4 CALCULATE MASS VELOCITY AT NODE N 
<OUTLET FLOW SPECIFIED> 
CONTINUE 
IF<NGIO. EQ. -1 >GT.<N>•INTERP CTQIN, QIN. TIME, NQJN, 19) 
RHOINN=:1.. 00/RHOTl <N> 
IF<XTl <.N>. LT. 0. 00~ 
CPSAT•INTERP<VFPT.PPT,RHOINN,NPROP, 112>•144.00 
IF<NGIO.E0.-2>QT<N>•CRTFLO<PREF,AX<N>,AT,XT1<N>,HT1<N>, 
c RHOTl<N>.PSAT, oc1,oc2.DC3.XSTAR.PPT,SFPT.SQPT.HFPT, 
C HFQPT,VFPT,VFGPT,NPROP,NDPCR,TDPCR,DPCR,TI1'1E> 
c 
c 
70 
69 
c 
c 
c 
41 
c 
c 
c 
c 
42 
c 
c 
c 
c 
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STEP B2. 3. 3 . 5 CALCULATE MASS VELOCITY AT NODES N-1, 1 
I=N-1 
GT<I>=<GT<I+l>•AX<I+l>-SIQMA<I>>IAX<I> 
I=I-1 
IF< I . GE. 1 > QO T 0 70 
CONTINUE 
STEP B2. 3 . 4 CALCULATE VELOCITY AT NODES 1,N 
DO 41 I=l• N 
VTCI>=GT<I>IRHOTCI> 
CONTINUE 
STEP B2.3. 5 CALCULATE QUALITY FOR NODES 1,N 
00. 42 I=l,N 
XT<I>•<HT<I>-HF)/f-FQ 
CONTINUE 
STEP B2.3. 6 MOVE VARIABLES TO PROVISIONAL ARRAYS 
FOR NEXT STEP 
00 261 I=1, N 
XTP <I> 2 XT CI> 
RHOTP < I > =RHOT < I > 
GTP < I >=GT < I > 
VTP < I >=VT C I > 
SPVTPCI>•SPVTCI> 
HTP<I>•HT<I> 
2bl CONTINUE 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
STEP B2.4 
STEP B2.4. 1 
STEP B2. 4. 1 . . 1 
Nl=N-1 
TRANSIENT VARIABLES CALCULATIONS 
FROM PROVISIONAL VALUES 
CALCULATE ENTHALPY FOR PRESENT TIME 
CALCULATE ENTHALPY FOR NODES 2.N-1 
DPDT=<PREF-INTERP<TP,PR.TIME-DELTAT,NUMPR,20 >>IDELTAT 
DO 240 I=2,N1 
HA:a. 'OO•<HTP<I>+HTP<I-1>> 
HB=. 500•<HTP<I>+HTP<l+1>> 
IF<AX<I>. NE.AXCI+l>.AND.QT1CJ>.OE.O.OO> 
C HB=HTP<I> 
IF<AX<I>. NE.AX<I+1~.ANO.QT1CI>.LT.O.OO> 
C HB=HTP<I+l> 
IF<AX<I>. NE.AX<I-1>.ANO.OTl<J>.OE.O.OO> 
C HA=HTP < I -1 > 
IF<AX<I>. NE.AX<I-1>.ANO.OTlCI>.LT.O.OO> 
C HA=HTP<I> 
A=<-QTP<I>•JHB-HA>>l<RHOTP<I>•DZ> 
PH~AV•. 'OO•CPHl<l-1>+PHI<I>> 
B=<<4. OO•PHIAV)/CDIAE<I>•RHOTP<I>>>+ 
C <<SPVTPCI> •OPDT>/777.6~00) 
DHOT•CA+B > 
HTCI>•HT1<I>+<DHOT•OELTAT> 
240 CONTINUE 
c 
c 
c 
c 
c 
c 
c 
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STEP 132. 4. 1. 2 CALCULATE ENTHALPY AT NODES 1 AND N 
STEP B2. 4 . 1.2. 1 NJDE 1 
IF <GTl < 1 >.GT. 0. OO> HT< 1 >•HFO 
I F C GT 1 < 1 > . E Q. 0. 00 > HT < 1 > •HT1 < 1 > + 
C <<2 . 00•PHI<1>•DELTAT>l<RHOTP<1>•DIAE<1>>> 
IF C GT1C1 >. LT. 0. 00) HT< 1 ) • < 2. OO•HT < 2 > >-HT< 3 > 
STEP B2. 4. 1. 2.2 NODE N 
IF<GTl <N>. GT. 0. 00> HT<N>::sC2. OO•HT<N-1 > >-HT<N-2> 
IF <GT1 <N>. EQ. 0. 00> HTCN>::sHT1 <N>+ 
C CC2.00•PHICN-1>•DELTAT>l<RHOTP<N>•DIAE<N>>> 
IF<GT1CN>.LT.O. 00> HTCN>•HFN 
C STEP B2. 4.2 CALCULATE DENSITIES AT PRESENT TIME 
c 
c 
c 
c 
c 
DO ~20 I=l,N 
IFCHT<I> . LT.HF>RHOT<I>•1. 00/INTERP< 
CHFPT,VFPT,HT<l>,NPROP,21 ) 
IF<HT<I>. LT.HF> SPVT<I>•l.00/RHOT<I> 
IF<HT<I>. LT.HF> QC TO 520 
X=CHT< I >-HF>IHF'G 
SPVT <I> •VF+X•VFG 
RHOT<I>=l.00/SPVTCI> 
HG=HFG+HF 
IF<HT<I>. LT.HG> QC TO '20 
TSH=TSAT+<<HT<I >-HG>ICPG> 
SPVT<I>•<VFG+VF>•<<460.00+TSH>IC460.00+TSAT>> 
RHOT<I>=l.00/SPVT<I> 
520 CONTINUE 
STEP 132.4. 3 CALCl.LATE MASS VELOCITY AT NODES 1,N 
:... STEP B2. 4.3. 1 CALCl.LATE SIQMA TERMS FOR NODES 1,N-1 
c 
Nl=N-1 
DO 290 I•1, ·N1 
SIGMA<I>cCOZ/C2.00*DELTAT>>•<<RHOT1CI>-RHOTCI>>•AX<I>+ 
C <RHOT1<I+1>-RHOTCI+l>>•AXC1+1)) 
290 CONTINUE 
IFCNGIO.LT.O> GO TO b~O 
STEP B2. 4. 3.2 CALCULATE MASS VELOCITY AT NODE 1 
:... <INLET FLOW SPEC JFIED> 
.~ <NOTE: G ALREADY CALCULATED IN PREDICTOR STEP> 
CT< 1 >=GT< 1 > 
:... STEP 82. 4. 3.3 CALCULATE MASS VELOCITY AT NODES 2,N 
c 
c 
DO 310 1=2,N 
GT<I>s<QT<I-1>*AX<I-1>+SIQMA<I-l>>IAX<I> 
31 O CONTINUE 
GO TO 690 •. 
680 CONTINUE 
STEP B~.4.3. 4 CALCULATE MASS VELOCITY AT NODE N 
<OUTLET FLOW SPECIFIED> 
<NOTE: Q ALREADY CALCULATED JN PREDICTOR STEP> 
GT<N>•GT<N> 
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C STEP B2. 4 . 3 . 5 CALCULATE MASS VELOCITY AT NODES N-1, 1 
c 
700 
I=N-1 
GT<I>=<GTCI+l>•AXCI+1>-SIQMACI>>IAX<I> 
I=I-1 
690 
c 
IF< I . GE. 1 > 00 TO 700 
CONTINUE 
c 
c 
c 
c 
c 
c 
c 
STEP B2. 4 . 4 CALCl.LATE VELOCITY AT NODES 1,N 
DO 410 1=1, N 
VT<I>=GT<I>IRHOT<I> 
CONTINUE 
STEP 132. 4. ' CALCU..ATE OUALITY FOR NODES 1,N 
DO 420 1=1, N 
XT<I>=<HT<I>-HF>lt-FQ 
4.20 CONTINUE 
~ STEP D2.4. 6 CALCULATE REMAININQ MASS 
.-
SUM= . 'OO•DZ•<RHOT<1>•AXC1>+RHOT<N>*AX<N>>l144.00 
Nl=N-1 
DO 112 I=2,N1 
112 SlA'1=SUM+CRHOT<I>*AX<I>•DZ>l144.00 
RMASS=SUM 
C STEP B2. ' COMPLETE PROCESSING FOR THIS TIME STEP 
c 
c 
C STEP B~. 5. 1 FACILITATE NEXT TIME STEP 
c 
c 
IPRINT=IPRINT+l 
DO 43 Iz:l,N 
HTl<I>•HT<I> 
GT1AV=GTAV 
RHOT1 <I >=RHOT< I> 
SPVT1 CI >=SPVTC I> 
VTlCI>=VTCI> 
XT1C I >=XT< I> 
GTl<I>=GT<I> 
43 CONTINUE 
C STEP B2. '·~OUTPUT Tt£ VARIABLES 
c 
c 
c 
c 
IFCTIME.LT.SPRINT> IPRINT•O 
IF<TIME.LT.SPRINT> · OO TO 2S 
IF<IPRINT.NE.NPRINT> 00 TO 2' 
STEP 82. '· 2. 1 OUTPUT THE TRANSIENT VARIABLES 
GJNPR•GTC1>•3b00.00 
PRP•PREF / 144 .. 00 
WRITEC6,44> TIME.PRP,QINPR,HFQ,CTNUM 
44 FORMATC1H1, 'PARAr-ETERS AT TIME• ',£14.5,2X, 'PREF• ',F14.5,2X, 
c 'G IN • ', F14. 1, :zx, 'HFO• ', F7. 2, ~x. 'COUAANT NUMBER• ', FJO. s. 11 > 
WRITEC6, 113>RMASS 
11 J FORMAT< '0 ', 'REMAINING MASS- ', F9. 3) 
DO 63 I•l,N 
FLOWM<I>•GTCI>•AXCI>/144.00 
330 
IF<XT<I>. LT. 1.00) TE"PR<l>•TSAT 
IFCXTCI>. LT.0.00) TEMPR<l>•INTERP<HFPT,TPT,HT<I>,NPROP,30> 
lF<XT<I>. GE.1. 00> TEMPR<I>•TSAT+«HT<I>-<HFG+HF»ICPQ> 
GPR<I>•QT<I>•3600.00/1.E06 
ALPHA<I>=XT<I>*RHOT<I>*CVFQ+VF> 
IF<XT<l>. GE. 1. OO>AL.PHACI>=l. 00 
63 IF<XT<I>.LE.O. 00) ALPHA<I>•0.00 
DO 5999 I=1,N 
GGPR=GPR<I> 
FFLOWM=FLOWMCI> 
lF<ABS<FFLOWM>. GT.9000.) FFLOWM•9999.0 
VV=VT<I> 
IFCABS<VV>.GT.900Q > VV•9999.0 
IF<ABS<GGPR>. OT. 900. > OQPR•999. 0 
IF<ADSC~GPR>.LT.0.001> QQPR=0.0 . 
WRITE<6 •. 45> I, DFB,.,_ <I), AX CI), HT< I), TEMPR <I), RHOT< I), VV, 
CGGPR,FFLOWM,XT<I>,ALPHA<I> 
4'5 FORMAT< ·' ',J3,1X,'DIST ',F,.1,1X,'AX ',F6.3,1X,'H ',F7.2,1X, 
c 'T '• F7. 2. 1x. 'RHO ', F7. 2. 1x. 'V '• FS. 2. 1x. '0 '• Fo. 3 
c . '•10••6 ', 1x. 
c 'MFLOW ',Fe. 2. 1x. 'X ',F9. ,, 1x. 'ALPHA ',Fe. 5) 
5999 CONTINUE 
c 
C STEP B2. 5.2.2 CALCULATE PHI CHF DATA 
c 
Nl=N-1 
DZR=DZ•12.00 
PSR=PREF/144.00 
RHOF•l. 00/VF 
RHOG=l.00/CVFG+VF> 
STSR=INTERPCPPT,SFTPT,PREF/144.00,NPROP,24> 
DO '00 1=1, Nl 
DSR=DIAH<I>•12. 00 
Gl=ABS<GT<l>> 
G2=ABS<~T C 1+1 > > 
GSR=. 500•3600.00•CG1+G2> 
XSR=. 500•<XT<I>+XT<I+1)) 
ASR=. 'OO•CALPHA<I>+ALPHA<l+l>> 
TSR=TEMPR<I> 
VSR=VT<I> 
DIAHSR=DIAHC I> . 
DIAESR=DIAE<I> 
CHFl<l>•BOWRNG<PSR,DSR.GSR,XSR,HFG> 
CHF2<I>aBIASI<PSR,DSR,QSR.XSR> 
CHF3<I>•CISE1<PSR.DSR,GSR,XSR,HFG> 
CHF4<I>=CISE4<PSR,DSR,QSR,XSR,HFQ> 
XCHF5CI>•Cl5EBL<PSR,DSR,QSR,N,XT,I,DZR> 
CHF6<I>cGRIFZU(RHQG,RHOF1ASR,HFQ,STSR> 
CHF7<I>cGE<XSR, GSR> 
CHFS<I>=CONDIE<QSR,XSR,PSR> 
CHF9<I>•BW2<PSR,DSR.HFG,XSR,QSR> 
IF<ASR.LT .. 9600>Ct-F10<l>•HSUCASR,GSR,PSR,DSR> 
IFCASR. GE .. 9600>CH=lO<I>•O.OO 
CHF11<l>=W3<XSR,PSR,QSR,HFQ,HIN1T01DIAESR> 
CHF12<I>•SVANAH<VSR,TSR,TSAT> 
CHF13<I>•CE1CPSR,XSR,QSR,HFQ) 
Ct-F14CI>=~BNTCGSR,XSR.DIAHSR,DIAESR,HFG> 
Ct-F'l,Cl>=LOFT<PSR,XSR,QSR> 
Ct-F16CI>•BWC<PSR,XSR,GSR,HFQ) 
CHF17<I>•MZUBER<RHOG,RHOF,ASR,HFQ,STSR> 
RATl CI >•O. 00 
RAT2<l>•O.OO 
RAT3Cl>•0.00 
c 
c 
c 
RAT4Cl)c0 . 00 
RAT5<I>=0 . 00 
RAT6Cl)c0.00 
RAT7<I>cO. 00 
RATB<I>•0 . 00 
RAT9<I>=0 . 00 
RATlO< I >=O. 00 
RAT11<I>=O.OO 
RAT12CI>=O.OO 
RAT13C l >=O. 00 
RAT14<I>=O.OO 
RATl~<I>=0.00 
RAT16< I >=O. 00 
RAT17<l>=O.OO 
IF<PHl<l>.Ea. 0. OO> GO TO ~00 
RAT1<I>•CHF1<I>/PHI<I> 
RAT2<I>=CHF2<l>IPHI<I> 
RAT3<l>=CHF3<I>/PHI<I> 
RAT4<I>•CHF4<l>IPHl<I> 
RAT,<I>•XCHF,<I>IXSR 
RAT6Cl>=CHFb<l)/PHI<I> 
RAT7<l>•CHF7<l>/PHl<l> 
RATB<I>•CHFB<I>IPHl<I> 
RAT9<I>=CHF9<l>IPHl<l> 
RAT10<l>•CHF10<I>IPHI<l> 
FiAT1l <I> •CHF11 CI )/PHI< I> 
RAT12<I>=CHF12<l>IPHI<I> 
RAT13<I>•CHF13Cl>IPHICI> 
RAT14<I>=CHF14CI>IPHI<l> 
RAT1~CI>=Cf-Fl,<l>IPHIC1> 
RAT16CI>aCHF16<I>IPHI<I> 
RAT17<l>=Ct-F17<I>IPHI<I> 
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IF<ABS<RAT1<1> ).QT.900.) RAT1<1>•999.0 
IF<ABS<RAT2< I>>. GT. 900. ) RAT2< I >•999. 0 
IF<ABS<RAT3<1> ). GT. 900. > RAT3<1>•999. 0 
IF<ABS<RAT4CI> >.GT.900. ) RAT4<1>=999.0 
IF<ABS<RAT5( l >>.GT. 900. ) RAT" l )•999. 0 
IF<ABS<RAT6C l >>.GT. 900. ) RAT6< l >•999. 0 
IF<ABSCRAT7<1> >.GT.900.) RAT7Cl):s999.0 
IF< ABS< RATS< I> >.GT. 900. > RATS< 1>•999. 0 
IF<ABSCRAT9<1> >.GT.900. > RAT9<1>•999.0 
IF<ABS<RAT10< I>>. GT. 900. > RAT10< I )•999. 0 
I F < ABS < RAT i 1 < I > >. GT. 900. > RAT 11 C I > -999. 0 
1FCABS<RAT12< I>>. GT. 900. ) RAT12C I >•999. 0 
1F<ABS<RAT13CI ».QT. 900. > RAT13<I>-999. 0 
IF<ABS<RAT14C I>>. GT. 900. > RAT14< I >•999. 0 
1F<ABS<RAT15<I > >.~T. 900. > RAT1"I>•999. 0 
IF<ABS<RAT16<I) >.GT. 900. ) RAT16C1)•~qq. 0 
1FCABS<RAT17CI >>.GT. 900.) RAT17<I>•999. 0 
500 CONTINUE 
STEP B2. ,.2.3 OUTPUT PHI CHF DATA 
WR1TEC6,,01) TIME 
so 1 FORMAT ( 1 H1 I 'PH I DATA, I 5X, 'TIME• I I E12. ~. 11) 
WRITEC6,,03> 
503 FORMAT< ·o-·:4x, 'DISTANCE ',2x, 'PHI'15X, 'BOWRJNQ', 1x. 'IJASI'.3X1 
C'CISE1',3X, 'CISE4',3X, 'CIS~BL',4X, 'QRIFZU',2X, 
c 'QE ', 6X. 'CONDIE·, 2x. ·sw2 ', ,x, 'HSU', 11 > 
Nl=N-1 . 
WRITEC6.502>CI, DFBHL<I>,DFBHLCI+1),PHI<J>,RAT1CJ),RAT2<1>,RAT3(I> 
C.RAT4<I>,RAT~<I>,RAT6<I>1RAT7<I>,RATS<J>,RAT9<I>,RATlOCI>,l•1, C 
C N1> 
c 
c 
c 
c 
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so2 FORMAT<' '• 13, 1x.F5. 1. '-',F,.1, 1x.F7. 3, 1x.F7. 3, 1x,F1. 3, 1x.F7. 3.1x 
C , F7. 3, 
C1X.F9.4, 1X,F7.3, 1X,F7. 3, 1X,F7.3, 1X.F7.3, 1X,F7.3> 
WRITE<6, '04) 
so4 FORMAT< • 1',4X. 'DISTANCE', 6X. 'PHI', 6X. 'W-3 ', 3x, 'SAVANAH ', 2x, 'CE-1 
c ', 1x. 'L-BARNETT'. 1x. 'LOFT',4X. 'BWC', 1x. 'M-ZUBER',//) 
00 6000 la1,N1 
III=I+l 
WRITEC6, 505> I, DFBHLC I), DFBHL< III), PHI< I), RAT11 <I), RAT12< I), 
C RAT13<I>,RAT14<J>,RAT15Cl>,RAT16(l),RAT17CI> 
505 FORMAT( I ', 13, 1X.F5. 1. '-',F5. 1. tX.F7. 3, 1X.F7. 2. 1X.F7. 2, tX.F7. 2, 
c 1x,F1.2, 1x.F1.2,1x.F1.2. 1X.F7.2> 
6000 CONTINUE 
IPRlNT=O 
GO TO 25 
5005 CONTINUE 
CLOSE<UNITs5,STATUS•'KEEP'> 
CLOSE<UNIT•6,STATUS='KEEP'> 
STOP 
END 
FUNCTION INTERP<A,B,X,N,M> 
REAL INTERP 
DIMENSION A<N>,B<N> 
C A IS THE ARRAY WHICH CONTAINS X. 
C . X 15 THE KNOWN VALUE. 
C a IS THE ARRAY WHICH CONTAINS THE UNKNOWN CORRESPONDING 
C TO X. 
C N IS THE NUMBER OF ELEMENTS IN A AND B. 
IF < X. LT. A C 1 >. OR . X. GT. A ( N > > WRITE ( 6, 1 ) , X, N, M 
IF<X.LT.A<l>.OR. X.GT.A<N>> QO TO 500' 
FORMAT<'O', 'INPUT OUT OF RANGE. EXECUTION TERMINATINQ' 
c , E12. ,, 1x. I5, 1 x, I5> 
1=1 
ll IF<I.EQ. N> GO TO 12 
IF< X. EQ. A< I>> l NTERP=B <I> 
IF<X.EG.A<I>> GO TO '000 
IF<X.GT.A<I+1>> QO TO 10 
FRACT•<X-A<I>>ICA<I+1>-A<I>> 
INTERP=B<I>+CFRACT•<B<I+l>-B<I>>> 
5000 CONTINUE 
RETURN 
10 I•I+1 
GO TO 11 
12 WRITE<6,2> 
2 FoRMAT<'O', 'ERROR IN INTERP.EXECUTION TERMINATING'> 
5005 CONTINUE 
STOP 
ENO 
FUNCTION BOWRNQCP,D,QI,X,HFQ> 
C <CORRELATION FOR WATER> 
C THIS FUNCTION CALCULATES CHF USINQ BOWRINQ'S 
C CORRELATION. INPUT ISP· CPSI. ),D <IN.), 
C G <LBM/H FT••2>;X. PHI IS RETURNED IN 
C BTU/S FT••2 
C <IF Q=O 0 IS RETURNED 
c 
G•QI/1.E06 
IFCG.EQ.0.00> BOWRN0•0.00 
IF<G.E0.0.00> QO TO 10 
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PR=P/1000.00 
IF<PR . GT. 1. 00> QO TO 10 
F1=<<PR••18.94200•EXP<20.S900•<1.00-PR>>> 
C+ . 91700>11.91700 
F2=CCPR••1.31600•EXP<2. 44400•<1.00-PR>>>+.30900 
C>/1. 30900 
F2=F1/F2 
F3=CCPR••17.0~300+EXP<16.6,S00•<1.00-PR>>> 
C+.66700)/1.66700 
F4=PR••1.64900 
F4=F3•F4 
GO TO 20 
10 F1=PR••<-.36800>•EXP<.64800•<1.00-PR>> 
F2=PR••C-.44SOO>•EXP<.24,00•C1.00-PR>> 
F2=F1/F2 
F3=PR••.21900 
F4=PR••1. 64900 
F4=F3•F4 
~O A=C2. 31700•F1)/(1. 00+<3.09200•F2•<D**· 500>•G>> 
E=2. 00- <. 'OO•PR > 
C=<104.400•F3•D•G>l<1. 00+<.34700•F4•CG••E>>> 
BOWRNG=<G•O•HFG>•<A-X)/(4.00•C> 
BOWRNG=<BOWRNG•l.£06)/3600.00 
5000 CONTINUE 
RETURN 
END 
FUNCTION BIASI<P.o,G,X> 
C <CORRELATION FOR WATER> 
C THIS FUNCTION CALCULATES CHF USINQ BIASI'S 
C CORRELATION. INPUT IS P <PSI. ) , 
CD <IN . >,G <LBM/H FT••2>,X. 
C IT RETURNS PHI IN BTU/S FT••2. 
C CIF G=O 0 IS RETURNED> 
c 
IF<G.EQ.O. OO> BIASI=O. 00 
IFCG.EQ.0.00> GO TO 10 
F=.724900+C6.B32E-03•P•EXP<-2.21E-03•P>> 
lF<D.LT .. 39400) E•.600 
lF<D.GE .. 39400> E•.400 
PHIL•<2.63E07/C <2.5400•D>••E•Q••. 16700>> 
PHILcPHIL•< < <4. 4300•F>l<G••. 16700> >-X> 
A=-1. 15900+<1.028E-02•P•EXPC-1.31E-03•P>>+ 
C<<130.00•P>IC2100.00+P••2>> 
PHI.H=<2. 506E09•A>•< 1. 00-X)/( < <2. ,400•D>H·E>•Q••. 600> 
IF<G.LE .. 2E06> BIASI=PHIH/3600.00 . 
IFCG.LE .. 2E06> GO TO 10 
IF<PHIH.GT.PHIL> BIASI•PHIH/3600.00 
lF<PHIL.GE.PHIH> BIASI•PHIL/3600.00 
10 CONTINUE 
RETURN 
END 
FUNCTION ClSEl<P,D,Q,X,HFg> 
C <CORRELATION FOR WATER> 
·: THIS FUNCTION CALCULATES CHF USING CISE-1 
C CORRELATION. INPUT IS P<PSI. >.D<IN. ), 
c G <LI3M/H FT••2·> I x. HFG ( BTU/LBM) 
C IT RETURNS PHI IN BTU/S FT••2. 
C <IF G=O 0 IS RETURNED> 
c. 
IFCG.E0.0.00> CISE1•0.00 
IF CG . EQ . 0. 00> 'QO TO 5000 
PC=3;?0B.00 
PR=P/PC 
A=4030 . OO•HFG 
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I3=D**· 400•< < < 1. 00/PR>-1. 00>**· 400> 
A=A/B 
C=1. 00-PR 
Dl=CG/737300.00>••. 33300 
C=CC/D1>-X 
CISEl=<A•C>/3600.00 
5000 CONTINUE 
RETURN 
END 
FUNCTION CISE4<P.o,g,x,HFG> 
C <CORRELATION FOR WATER> 
;., THIS FUNCTION CALCULATES CHF USJNG CISE-4 
•- CORRELATION. INPUT ISP <PSI. ),0 <IN.), 
CG <LBM/H FT••2>,X.HFG <BTU/LBM>. 
C P~l IS RETURNED IN BTU/S FT••2. 
C <lF G=O 0 IS RETURNED> 
c 
IF<G.EG. O. 00> CISE4=0.00 
IF<G.EQ.0.00> GO TO 5000 
PC=3208 . 00 
PR=P/PC 
GSTAR=337~.00*737.300•<1.00-PR>••3.00 
IFCG . GT.GSTAR>A=C1. OO-PR)/((Q/737300. 00>••.33300> 
IFCG.LE. GSTAR>A=1.00/C1.00+C1.4B1E-04•C<1.00-PR> 
C•*C-3. 00) >•<G/737.300>>> 
CJSE4=C4030.00•HFG>l<D••.400•<<<1. OO/PR>-1.00>••.400>> 
CISE4=<CISE4•<A-X>>l3600.00 
5000 CONTINUE 
RETURN 
END 
FUNCTION CISEBL<P,O,Q,N,XA,J,DZ> 
DIMENSION XA<N> 
C <CORRELATION FOR WATER> 
. c THIS FUNCTION CALCULATES X CHF USJNG CJSE BOILING 
c LENGTH CORRELATION. 11\PUT Is p (PSI. ) ID <JN. ) I 
CG <LI3M/H FT ••2>,N=NUMBER OF NOOES.XA~NODAL 
C GUALITIES ARRAV,I=CELL BEING CALCULATED, DZ <IN.> 
C lF G EGUALS 0 0 IS RETURNED. 
c 
c 
IF<G. EG.O.OO> ·CISEDL-0.00 
IF<G.EQ.0.00> GO TO 5000 
X=. 500•<XA<l>+XA<I+1>> 
IF<X.LT . 0.00> CISEBL•0.00 
IF<X.LT.0.00) RET~N 
C CALCULATE THE AXIAL LENGTH OF THE CELL MIDPOINT. 
c 
XL•<J•DZ>-<DZ/2.00> 
c 
C CALCULATE THE LENQTH OF THE SINGLE PHASE SLUQ. 
c 
Kao 
10 K=K+l 
IF<XA<K>. GE. 0. 00) ·GO TO 20 
GO TO 1C> · 
20 IFCK. EQ. 1 > SPL•O. 00 
IF<K.EG. 1) GO TO 30 
F=C0.00-XACK-1> >ICXACK>-XACK-1>> 
IF<K. EG.2> SPL•F•DZ 
IF<K.EQ.2> GO TO 30 
SPL•<<K-2>•DZ>+<F•DZ> 
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30 BL=XL-SPL 
PR=P/3208 . 00 
A=Cl. OO-PR>l<CG/737300. 00>••.33300> 
T= < < 1. 00/PR >-1. 00 >**· 400 
B=5. 171E-06•<D••1.400>•Q•T•12.00 
CISEBL=A•<BL/CB+BL>> 
·scJo CONTINUE 
RETURN 
END 
FUNCTION GRIFZU<RH)Q,RHOF,AL.PHA,HFO,SIGMA> 
C <CORRELATION FOR WATER> 
C THIS FUNCTION CALCULATES PHI CHF 
C USING GRIFFITH-ZUBER CORRELATION. 
C INPUT IS RHOG, R.HQF, HFG, VOID FRACTION, AND SURFACE TENSION. 
C PHI IS RETURNED IN BTU/S FT••2. 
c 
A=(1.00-ALPHA>*3600.00•. 13100•RHOG•HFO 
B=1036.8400•SIGMA*<RHDF-RHOG> 
C=B/CRHOG••2> 
GRIFZU=A•<C••.2,00> 
GRIFZU=GRIFZU/3600.00 
RETURN 
END 
FUNCTION GE<X, G > 
C <CORRELATION FOR WATER> 
C THIS FUNCTION USES GE CORRELATION TO 
C CALCULATE PHI CHF. 
C INPUT IS QUALITY AN MASS VELOCITY<LBM/H FT••2> 
~ PHI IS RETURNED IN BTU/S FT••2 
GC=ABS<G> 
IF<GC . LT .. 'EOb> QO TO 10 
GE=C1.E06•<.8400-X>>l3600.00 
GO TO 20 
:o GE=<1 . E06•<.SOO-X))/3600.00 
~O RETURN 
END 
FUNCTION CONDIECQ,X,P> 
C <CORRELATION FOR WATER> 
v THIS FUNCTION CALCULATES PHI CHF 
~ USING CONDIE'S CORRELATION. 
'w INPUT IS MASS VELOCITY< LBM/H FT••2), 
C QUALITY, AND PRESSURE< PSI. >. 
- PHI IS RETURNED IN BTU/S FT••2 
A=G/1.E06 
B•. 177~00•ALOGC1.00+X> 
A=A••B 
A=9.0793E06•A 
B=<1.00+X>••3.390600 
C•P**· 32340.0 
CONDIE=CA/CB•C> >13600.00 
RETURN 
END 
FUNCTION BW2CP, O,J-FQ,X,Q> 
~ <CORRELATION FOR WATER> 
C THIS FUNCTION CALCULATES PHI CHF USINQ 
C B~W-2 CORRELATION. 
C INPUT IS PRESSURE<PSJ>,DlAMETER<IN. ), 
C HFG, QUALITY, MASS VELOCITV<LBM/H FT••2>. 
C PHI IS RETURNED IN STU/S FT••2. 
: 0 IS RETURNED IF 0 • 0 
c 
IF<G . EQ.0 . 00> BW2c0.00 
IF<G.EG. 0. 00> GO TO 5000 
A=l . 15!)0900 
B•.4070300 
A1=.3702E08 
A2=. 59137E-06 
AJ= . 830400 
A4=. 68479E-03 
A5=12 . 7100 
A6=. 30545E-05 
A7=. 7118600 
AS=. 20729E-03 
A9:. 1520800 
El=A-CD•D> 
E3=A3+CA4•CP-2000.00>> 
~~=Al•<<A2•G>••E3> 
t::4=A9•G•X•HFG 
TOP=E1•<E2-E4> 
E1=A7+CAS•<P-2000 . 00>> 
BOT-=A5•<<A6*G>••El> 
BW2=<TOP/BOT)/3600.00 
5000 CONTINUE 
RETURN 
END 
FUNCTION HSUCA,Q,P,D> 
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C <CORRELATION FOR '°"'TER> 
•- THIS FUNCTION USES HSU 'S COARELATION TO 
C CALCULATE CRITICAL HEAT FLUX 
C INPUT IS VOID FRACTION,Q <LBM/H FT••2> 
. C P <PSI>, D <IN.>. 
·~ PH I IS RETURNED IN BTU/S FTH2. 
c 
e 
c 
c 
c 
c 
c 
c 
c 
c 
F=<l.7600•<.9600-A>>**· '00 
C•-3. 1500/D 
Tl•. 955E06•<1.040o+. 14SE-06•Q> 
T2=2. 19200-.,3E-03•P 
T3=.266400+C. B3500*EXP<C>> 
W3::aT1•T2•T3 
HSU=F•W3/3600.00 
RETURN 
END 
FUNCTION W3CX,p,Q,HFG,HIN,TO,D> 
< CORREL~TION FOR WATER> 
THIS FUNCTION USES W-3 CORRELATION TO 
CALCULATE CRITICAL HEAT FLUX. 
INPUT IS VOID FRACTION, P<PSI ), D<FT>, 
G<LBM/H FT••2>,HFQCBTU/LBM> 
HiN<BTU/LBM> 
PHI IS RETURNED IN BTU/S FT••2 
HIN•l. OOO•CT0-7.0. > 
A1=2. 022-4.300E-04•P 
A2=0. 1722-9.B4E-05•P 
A3=EXP<<1B. 177-4. 129E-03•P>•X> 
A4=1.0E+06 •<Al+A2•A3> 
A5=1. 157-0. 869•X 
A.6=(0. 1484+.X•C-1. ,69+0. 1729•ABS<X> > >•G•l. OE-06+1. 037 
A7=0. B258+7.94E-04•<HFG-HIN> 
AS=-0. 266+·0. 83•EXP<-3. 1'1•< 12. O•D> > 
W3=A4•A5•A6•A7•AB 
c 
c 
c 
W3=W3/3600.0 
RETURN 
END 
FUNCTION SVANAH<V,T,TSAT> 
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C < CORRELATION FOR WATER> 
C THIS FUNCTION USES SAVANAH RIVER 
C CORRELATION TO CALCULATE CRITICAL 
C HEAT FLUX. INPUT IS V<FTIS>,TSUB<F> 
C PHI IS RETURNED IN BTU/S FT••2 
c 
c 
c 
c 
c 
TSUD=TSAT-T 
SVANAH=l. B8E+05•(1.0+0.051,*V>•<1.0+0.069•TSUB> 
SVANAHsSVANAH/3600. 0 
RETURN 
END 
Ft.A\ICTION CE1<P,X,G,HFG> 
C < CORRELATION FOR WATER> 
C THIS FUNCTION USES CE-1 CORRELATION 
C TO CALCULATE CTITICAL HEAT FLUX. INPUT IS 
C OUALITV <7.>,PRESSURE <PSl),Q <LBM/S FT••2> 
C HFG<BTU/LBM> 
C PHI IS RETURNED IN BTU/S FT::2 
c 
c 
10 
c 
c 
·-
c 
c 
c 
c 
c 
c 
c 
c 
c 
IF<G. LT: 100> CEta~ 0 
IFCG.LT. 100> GO TO 10 
Gl=G•l.OE-06 
A1=4 . 0532E+02-9.929E-02•P 
A2=-0.67757E+O+o.8236E-04*P 
A3=A1•<Gl••A2>-Gl•X•HFQ 
A4=1.0E+06•2. S922E-03•<1.0E+0••<-0.,0749>>*A3 
A5=3. 124E-04•P-8.3245E-02•G1 
A6=G1••A5 
CE1=A4/A6 
CE1=CE1/3600.0 
CONTINUE 
RETURN 
END 
FUNCTION LBNT<G,X,OIAH.DIAE,HFG> 
<CORRELATION FOR WATER> 
THIS FUNCTION USES LOCAL BARNETT 
CORRELATION TO CALCULATE CRITICAL 
HEAT FLUX~ INPUT JS G<LBM/H FT••2), 
QUALITY <7.>,HFG<BTU/LBM>,DIAE<FT>, 
DIAH<FT >. 
PHI IS RETURNED IN BTU/S FT••2 
REAL_ 1.BNT 
G1=G•1.0E-06 
A1=09.400•<0IAE••O. 7,lOO>•<Ql••0.22600> 
A;?=1.000-0.67200•EXP<-6.0900•0IAH•Q1) 
A=Al•A2 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
·-
c 
c 
c 
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B=-0.2500•<DIAE••1. OO>•C01••1.00> 
C=16,. 900•<DlAH••l. 24600)•CQ1••0.32900> 
LBNT•1.0E+06•<<A+B•HFG•X>IC> 
LBNT•LBNT/3600. 0 
RETURN 
END 
FUNCTION LOFTCP,X,G> 
<CORRELATION FOR WATER> 
TH.IS FUNCTION USES LOFT 
CORRELATION TO CALCULATE 
CRITICAL HEST FLUX. INPUT 
IS P<PSIA>,GUALITVCY.>, 
G<LBM/H FT••2> 
PHI IS RETURNED IN STU/S FT••2 
REAL LOFT 
LOFT•1. 31569E+06-3. 79605E+02•P+B.32105E-02•Q 
A +1.08312E+01*P•X-1 . 0198200•G•X 
LOFT=LOFT/3600. 0 
RETURN 
END 
FUNCTION BWC<P, X,Q,HFG> 
<CORRELATION FOR WATER> 
THIS FUNCTION USES BWC CORRELATION 
TO CALCULATE CRITICAL HEAT FLUX. 
INPUT IS P<PSIA>, GUALITV<X>, 
G<LBM/H FT••2>, HFG<BTU/LBM> 
PHI IS RETURNED IN BTU/S FT••2 
IF<P . LE. 1600. > QO TO 10 
A1=0. 309191E-06 
A2=0 . 388223E-05 
AJ=0.96488200 
A4=0 . 301423E-03 
A5=5. 54836E+06 
Ao=0.72772900 
A7=0. 189646E-04 
A8=0. 175233E-08 
A=A3+A4•CP-2000. ) 
B=Al•G 
C•A•B 
D=AB•HFG•G•X 
TOP=A5•CC-D> 
E=A6+A7•CP-2000. > 
F•A2•G 
BOT=F••E 
BWC•TOP/BOT 
BWC=BWC/3600. 
10 RETURN 
END 
FUNCTION MZUBER<Rt<)G,RHOF,ALPHA.1-FQ,SIQMA> 
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C <CORRELATION FOR WATER> 
C THIS FUNCTION USES MODIFIED ZUBER 
C CORRELATION· TO CALCULATE CRITICAL 
C HEAT FLUX. INPUT IS RHOG<LSM/FT••J>, 
C RHOF<LBM/FT••3>,ALPHA<Y.>, 
C HFG<BTU/LBM>,SIGMACLBF/FT> 
C PHI IS RETURNED IN BTU/S FT••2 
c 
c 
c 
c 
c 
c 
REAL MZUI3ER 
A=<O. 9600-ALPHA>•3600. 00•0. 13000 
C •HFG•C <RHOG•RHCF>••O. 'OO> 
B=1036. 8400+SIGMA•<RHOF-RHOG> 
C=I31<<RHOG+RHOF>••2.00> 
MZUBER=A•CC••O. 2'00> 
MZUBER=MZUBER/3600. 
RETURN 
END 
FUNCTION CRTFLO<P01A01AT1X01HO,RO,PSAT,c1,c2,c3,xsTAR1 
C PPT,SFT1SGT,HFT,tFGT,VFT,VFQT,NT,NDP,TDP,DPT,TIME> 
REAL INTERP 
C THIS SUBROUTINE CALCULATES THE BOUNDARY VALUE 
: OF MASS VELOCITY USING CRITICAL FLOW CALCULATIONS. 
C G IS RETURNED IN LBM/S FT••2. 
c 
c 
c 
c 
': 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
INPUT : 
PO•PRESSURE AT BOUNDARY <PSF. > 
AO=CROSS SECTIONAL AREA AT BOUNDARY <IN.••2> 
AT=CROSS SECTIONAL AREA AT THROAT <IN.••2> 
XO=GUALITY AT BOUNDARY 
HO=ENTHALPY AT BOUNDARY <BTU/LBM> 
RO•DENSITV AT BOUNDARY <LBM/FT••3> 
PSAT=SATURATION PRESSURE AT BOUNDARY DENSITY<PSF. > 
Cl•DISCHARGE COEFFICIENT FOR SINGLE PHASE LIQUID 
C2=DISCHARGE COEFFICIENT FOR TWO PHASE 
C3=DISCHARGE COEFFICIENT FOR SINQLE PHASE VAPOR 
XSTAR-=QUAL ITV FOR NONEGUILIBRIUM COEFFICIENT 
NT•NUMBER OF ROWS JN THE PROPERTY TABLE 
PPT=PRESSURE COLUMN OF THE PROPERTY TABLE <PSI> 
SFT=ENTROPY CF FLUID COLUMN OF THE PROPERTY TABLE 
<BTU/LBM F> 
SGT=ENTROPY CF THE QAS COLUMN OF THE PROPERTY TABLE 
<BTU/LBl"1 F> 
HFT•ENTHALPY COLUMN OF THE PROPERTY TABLE<BTU/LBM> 
HFGT=HFG COLU'1N OF THE PROPERTY TABLE <BTU/LBM> 
VFT•SPECIFIC VOLUME COLUMN OF THE PROPERTY TABLE 
<FT** 3/U3M > 
VFGT•VFQ COLU'1N OF THE PROPERTY TABLE <FT••31LBM> 
NDP•NUMBER OF TIME, DELTA P POINTS 
TDP•TIME VALl.ES OF TIME, DELTA P POINTS <SECS.> 
DPT=DELTA P VALUES OF TIME DELTA P POINTS <PSI.> 
TI~~· VALUE· CF PRESENT TIME <SECS> 
DlflENSION PPT<NT>,SFT<NT),SQT<NT>,HFT<NT>,HFGT<NT> 
DIMENSION VFT<NT>,VFQTCNT>,TDP<NDP>,DPT<NDP> 
IF<XO.GE.0.00> GO TO 10 
c 
c 
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- . 
SINGLE PHASE LIGUID SECTION 
IF<NDP.~Q.O>ETA•PSAT/PO 
IFCNOP.NE.O>ETA=INTERP<TDP,DPT,Tif'lE,NOP, 100> 
IFCNDP.NE:O>ETA=1.00-<ETA•144.00/PO> 
IF<ETA. GE. 1.00. AND. NDP.EG.O>ETA•.9900 
GT=Cl•C64.400•RO•P0•<1.00-ETA>>••. '00 
CRTFLO=<GT•AT>IAO 
RETURN 
C TWO PHASE SECTION 
c 
c 
!O CONTINUE 
IF<XO. GE. 1. 00> GO TO 20 
IF<NDP. NE.O>ETA=INTERP<TDP,DPT,TIME,NOP, 101> 
IF<NOP.NE.O>ETA=1 . 00-<ETA•144 . 00/PO> 
IF <NOP·. EQ. 0. AND. XO. LT. 1 .. 00 >ETA=. 6700-. 11700•XO 
IF<NDP. EQ. O.AND. XO.LT. 400)ETA=. 7900-.42700•XO 
IF<NDP.EQ.O.AND. XO. LT .. 1BOO>ETA•.B600-.B1100•XO 
PT=ETA•PO 
POO=P0/144.00 
SF=INTERP<PPT,SFT,POO,NT,102> 
SFG=INTERP<PPT, SGT,POO.NT,103>-SF 
SO=SF+XO•SFG 
PTT=PT/144.00 
SF=INTERP<PPT,SFT,PTT,NT, 104> 
SFG=INTERP<PPT, SGT1PTT,NT,tO,>-SF 
XT=< SO-SF> I <SFG > 
HT=INTERP<PPT,HFT,PTT,NT, 106>+XT• 
C INTERP<PPT,HFGT.PTT,NT,107> 
VT=INTERP<PPT,VFT,PTT,NT,10B>+XT• 
C INTERP<PPT,VFGT,PTT,NT, 109) 
EGN=XT/XSTAR 
IF<EQN.QT. 1.00>EGN-1.00 
G=<<S0073 . OO•<HO-HT>>**· 'OO>IVT 
GT=<C2•Q>l<EGN••. '°O> 
CRTFLO=<GT•AT>IAO 
RETURN 
C SINGLE PHASE VAPOR SECTION 
c 
20 CONTINUE 
GAMMA= 1. 314400-6.599E-5•P0+2.9SE-9•P0••2 
F=GAMMA/CGAMMA-1.00> 
IF<NDP. EG. O>ETA•<2.00/(1.00+GAMMA>>••F 
IF<NDP.NE. O>ETA=INTERP<TPT,DPT1TIME1NDP1110> 
IF<NDP. NE.O>ETA=l.OO-<ETA•144.00/PO> 
T1=<64 . 400•GAMMA>l<GAMMA-1.00> 
T2=RO•PO 
Fl=2.00/GAMMA 
F;?=<GAMMA+~.00)/GAMMA 
T3=ETA••F1-ETA*•F2 
GT=C3•C<Tl•T2•T3>••.,00> 
CRTFLO•<GT•AT>IAO 
RETURN 
END 
APPENDIX C 
PRESSURE AND MASS VELOCITY HISTORIES IN SLOWDOWN 
EXPERIMENTS 
This appendix contains the Figures 112 through 126. These 
Figures show the pressure and the mass velocity as a function of time 
for the blowdown experiments studied by the author (1984) and shown in 
Table 9. The values shown in the figures are the measured values of 
pressure and mass velocity as input to the CODA code by Leung (1980). 
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